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This study sets out to examine the effects of forestry- 
operations on sediment sources and yields in a Consortium funded, 
Institute of Hydrology (IH) instrumented, paired catchment 
experiment at Balquhidder in the southern Highlands of Scotland. A 
sediment budget approach was adopted incorporating ongoing IH 
catchment sediment output monitoring of suspended and bedload from 
the 7.7 km* moorland Monachyle catchment and the 6.8 km*, 40% 
forested Kirkton catchment. Sediment source inputs from 
tributary streams and mainstream bank erosion were estimated.
There is good agreement between source inputs and catchment 
outputs in the moorland but not in the forest where tributary 
inputs seem to be over-estimated. Mainstream chainnel beuiks 
contribute around 5% of the total sediment yield in both 
catchments. Catchment suspended sediment yield accounts for 97% of 
the total sediment output (less than 3% is bedload) and is about 
one and a half times higher in the forested catchment where 
concentration varies more sensitively with streamflow, suggesting 
greater availability of erodable sediment. These pre-disturbance 
sediment budgets based on 1982-5 outputs monitoring and 1984-5 
source monitoring are used as a background from which to assess the 
effects of the land-use conversions which began in 1986.
In autumn 1985 disturbance began in the forested catchment 
in the form of road regrading, repairs and construction of timber 
stacking areas. Clearfelling started in January 1986. Between 
April and July 1986 about 10-15% of the moorland catchment was 
ploughed and ditched in prepeiration for pleinting. Preliminary 
analysis of suspended sediment data collected in this 
post-disturbance phase (1986-7) so far indicates that there have
been about three and seven-fold increases in suspended sediment 
ouLputs from the moorland and forest catchments respectively. No 
liodload output data is available yet from IH. In the moorland 
tributaries bedload yields more than doubled but suspended sediment 
load in the one moorland tributary monitored did not reflect the 
increased outputs even though the sub-catchment was ploughed and 
ditched. The greatest impact of forest clearfelling appears to be 
accelerated erosion of regraded and more heavily used roads and of 
recently constructed timber loading areas. These ’bare’ aireas are 
shown to be capable of supplying much of the observed catchment 
increases in suspended sediment outputs. The elevated sediment 
yield in the forested catchment before felling and in both 
catchments after disturbance is attributed to an increase in the 
sediment supply from new sources (ditches, roads and stacking areas 
in the forest; plough furrows and ditches in the moorland) and not 
to an increase in flood magnitude or frequency. Forestry 
management implications are discussed in relation to the findings.
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The primary undisturbed forest which once covered the 
uplands of Britain yielded a steady supply of pure suid potable 
water the year round, protected hillsides from erosion and reduced 
flooding. Today the ’semi-natural’ dominant vegetation types of 
the uplands include grass and herb species, heather, bracken and 
scrub forest. The uplsinds are defined as those areas at an 
altitude of 300 m or more above sea level. These occupy some 7.3 
million hectares or approximately one third of the total Ismd area 
of Britain. They are associated with high rainfall, low 
temperatures and short growing seeisons and are largely concentrated 
in Scotland, northern England and Wales. Most of this land is used 
for low density grazing by sheep with large areas of heather 
moorland in Scotland devoted solely to grouse and red deer. These 
grazing activities, along with rotational heather burning have 
suppressed the regeneration of indigenous forest species. Soil 
disturbance is minimal and in this ’semi-natural’ state most upland 
streams are still relatively pure and usually carry very low 
sediment loads.
From the early 1 9 century the rapid expansion of both 
industrial and domestic demand for water resulted in increasing 
utilisation of runoff from the uplands. During the early stages 
relatively little change occurred in land use in the uplands, but 
as the 20“> century progressed, major changes began to be
implemented. During World War I shortages of timber forced the 
nation to embetrk on a programme of reafforestation. The Forestry 
Commission was established in 1919 to implement this programme and 
since has proceeded to acquire large areas of upland moorland for 
planting with conifers. Figure 1.1 shows the upland areas of 
Britain aind has the major areas of forestry imposed.
From 1945 to 1983 the area of productive woodland planted 
by the Forestry Commission increased from 202 000 ha to 909 000 ha 
and now almost equals the 1 1084 000 ha of forest under private 
management (Forestry Commission 1984). This represents the largest 
single land use change in Britain today, being about twice the area 
lost to urbanisation each year (Best 1976). Recently, 
overproduction of certain agricultural produce in the UK has led to 
a reduction or in some cases total withdrawal of existing subsidies 
for agricultural development. This coupled with low land prices, 
tax concessions and planting grants makes afforestation an 
attractive alternative investment and these factors will ensure 
that it continues to be the major land use change in the uplands in 
the foreseeable future. In fact, the Centre for Agricultural 
Strategy report (1980) recommended the planting of a further 1.8 
million hectares of forestry in the uplands, primarily in upland 
Scotland , by the year 2025 increasing the percentage area of 
Britain’s uplands under forestry from 1.6 million hectares (22%) at 
present to 47% (Forestry Commission 1977). This will necessitate 
an increase in planting rate from 40 000 ha. yr** in the 1970’s to 
60 000 ha. yr"‘ in in order to meet the recommendation by 2025.
This large and increasing extent of afforestation in upland
Figure 1.1: Upland Britain showing major areas of forestry and the 
location of experimental studies mentioned in the 
text (talcen from Dlackie and Newson 1986).
Britain, peirticularly Scotland, hats led to concern over the 
possible effects on downstream water users (Blackie and Newson 
1986). Forest establishment in the frequently waterlogged soils of 
these areas in usually preceded by ploughing up and down what are 
often steep slopes, and then by ditching obliquely across the 
slope. Between 1948 and 1967 about 60% of the newly afforested 
areas were drained prior to planting (Taylor 1970). This figure is 
rising as forestry is becoming increasingly concentrated on upland 
areas where land is often poorly drained and peaty.
The managed forests of the Britis.h uplands today differ 
somewhat from our primary forest cover and, in particular, seem to 
have an adverse effect on water yield and quality. Potential 
effects of increased sediment yields from the uplands include:
(i) overloading the purification capacity of water supply 
treatment works. For example, open ditching in 1980 of two small 
sub-catchments draining to the Homestyles reservoir on a tributary 
of the river Holme, West Yorkshire (reported by Burt et al. 1984) 
resulted in a major pollution incident. The loss of a potable 
water supply due to increased quantities of suspended sediment 
proved costly to the local water authority, requiring the 
construction of a new water treatment plant at the reservoir 
(Austin and Brown 1982). Richards (1985), on loehalf of the 
Strathclyde Regional Council Water Department, has made a detailed 
investigation of the physical, biological and chemical problems of 
water quality arising from forestry activities. Richards 
estimates the increased costs of treating water from afforested 
supply catchments £ind demonstrates how for two catchments in the
Strathclyde Water Department Ayr Division, increased treatment 
costs per hectare exceed the economic return from planting trees 
some 40-50 years later! Increases in suspended solids and 
turbidity are reported by Stretton (1983) for the Welsh Water 
Authorities’ Cray Reservoir. In a major and minor input stream 
suspended solids concentrations reached 1111 and 329 mg 1'* 
respectively during intense rainfall from a background level of 4 
mg r’in both streams, (report also Greene 1987)
(ii) increasing the infill rate of lochs (Battarbee et a).
1885, Ledger et.al 1974) and reservoirs (Ledger et. al. 1980, 
McManus and Duck 1985, ^ (in press), Tallis 1981, Winter 1950)
thereby reducing their capacity to store drinking water as well as 
causing operational problems concerned with scour valve releases 
(Oldman pers. comm.) and arousing complaints of increased turbidity 
from fishermen.
(iii) detrimental effects on fisheries. V/ork by Ottaway et 
al. (1981), Milner et al. (1981) and Carling (1984) on the 
interrelationships between saimonid fisheries and stream bed 
sediment dynamics in gravel bed streams of the Pennines has 
contributed some much needed information on this topic in the U.K. 
Two main European salmonid species, the Atlantic salmon (Salmo 
salar L.) and the trout (Salmo trutta L.) in both freshwater and 
anadromous forms, use the gravel beds of upland streams (many of 
which in Scotland are now scheduled for afforestation) for egg 
deposition. Carling (1984) states that "the successful development 
of the fish eggs is directly affected by the physical nature of the 
stream bed and the flow hydraulics". The interaction between
dischEurge, stream bed surface and subsurface size composition and 
sediment movements can have aui important influence upon "spawning 
site choice, survival of intragravel stages, emergence of swim-up 
fry and the growth and survival of older stages" (Milner et al.
1981). Factors which are known to have a detrimental effect on egg 
development are gravel movement and the proportion of fine 
particles in the surface and subsurface layers of the bed. Gravel 
movement causes washout of eggs which are consequently damaged by 
crushing, are predated upon by other fish, or are subsequently 
deposited in environments unsuitable for egg development (Carling 
1984). Gravel composition and structure influence the ox^'gen 
supply to the eggs by controlling the water movement throxigh the 
gravel. Msuiy workers have shown that the proportion of fines in 
the gravel will reduce pore space (Carling 1982) and result in a 
reduction of the water percolation through the gravel aind so have a 
major effect on egg survival (e.g. McNeil and Ahnell 1964, Hall Eind 
Lantz 1969, Turpenny and Williams 1980).
Clearly, the problem has important implications for the Scottish 
salmon industry (.Mills 1986) since the major expansion in afforestation is 
to be concentrated in Scotlauid in the next 50 years. On a more local 
scale Figvire 1.2 is eui extract from the Stirling Obser\’er (12 September 
1986) which makes reference to the concern of the River Forth 
Salmon Fisheries Board towards scheduled afforestation in the study 
area of this project. Finally, Graesser (1979) reports on how land 
improvements can damage Scottish salmon fisheries.
(iv) nutrient losses from the already nutrient poor uplands 
via particulate organic matter and sediment attached solutes (e.g.
stocks
SALMON and m a  trout In 
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quhidder area.
The River Forth Sal­
mon Fisheries Board ii 
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2,000 acres of coiufcrous 
forest ia remote Clcii 
Buckie and Clen Dubh 
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tant spawning waters of 
Caiair Burn and its tribu­
taries, writes GRAHAM  
CRAWFORD.
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asking him to take up the 
matter with Mr Michael 
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Minister for the Environ­
ment.
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ing of young salmon and 
trout.
Major Burke said the 
Forth headwaters were 
becoming increasingly 
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tax relief for the wealthy.
Mr David Campbell, 
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of the Foith River Puri­
fication Board, said: “ Ma­
jor Burke has very good 
grounds for his concern.
“There are a number of
possible risk factors in" 
such a sizeable develop« 
ment, and acidificarion is 
not easily reversed and 
would spell the end of 
fish life.
“ Our t investigations 
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Mr Campbell said his 
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they were not happy ab­
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In the application.
Figure 1.2: Stirling Observer newspaper press cutting of 12 September 
1986 - 'Forestry threat to fish stocks’.
Harriman 1978). Ongley (1982), Lewin et al,(1977 and 1983) and 
others have shown that suspended sediments are important in 
transporting heavy metals and pollutants. Increased sediment 
yields associated with upland development could assist the 
dispersion of pollutants further downstream (Macklin and Rose 
1986).
(v) channel instability problems further downstream (Newson 
1986, Newson and Leeks 1987) which can result in costly erosion or 
deposition problems.
Thinning and clearfelling of forestry leads to a decrease 
in interception and transpiration, thus increasing soil moisture 
levels, runoff (Hewlett and Helvey 1979) and transportation of 
particulate material (especially pine needles and fine sediment). 
Rainsplash erosion during heavy rainfall on bare unprotected soil 
can increase soil erosion and subsequent sedimentation downstream. 
However, there is as yet very little British data from which to 
assess the effects of clearfeiling. We currently have to draw on 
experiences largely from North .America (e.g. Brown and Krygier 
19<1, Fredriksen 1963 and 1970) with some recent examples from New 
Zealand (O’Loughlin et al. 1981).
1.2 Previous work
Prior to the 1970's no accurate first hand information on 
the effects of forestry on sediment yields had been obtained in 
upland Britain. Studies in the U.S. (Brown and Krygier 1971), Ciinada 
(Roberts 1984), New Zealand (O’ Loughlin et al. 1980) and elseidiere 
had been carried out in very different conditions and could not be 
readily extrapolated. In any CEise most of the above stxxlies had been 
concerned with the effects of logging and clearfelling on sediment 
yields and not with the effects of forest establishment which ivas the 
leind use change increasingly affecting more and more of the British 
uplands.
In the UK the Government Hydrological Research Unit became 
the Institute of Hydrology (IH) in 1968 sind set up two important 
catchment studies. The first of these was at Coalbum in the 
Pennines, where a 152 ha tributary catchment of the river Irthing in 
Northumberland w e is  instrumented and studied for five years from 
1967-72. The catchment was ploughed in 1972 following forestry 
standard practice at that time and the effect of this treatment on 
the v.(ater £ind sediment yields was investigated by the Institute of 
Hydrology up to a few months before the saplings were planted and 
again during the winter of 1978-79 by Robinson (1979) some 6-7 years 
after the period of disruption. Robinson and Blj-th (1982) suggest 
that the yield of fine sediments peaks rapidly after site prepaaration 
and then stabilises at a higher level than observed before the 
treatment as the figures presented in Table 1.1 suggest.
The second catchment experiment was set up on Plynlimon in
mid-Wales where a ten-year study compared the water balances of the 
upper Wye (entirely upland pasture) with the adjacent upper Severn 
(68% coniferous forest cover). As part of the experiment the sediment 
outputs of the mature forested Tanllwyth and the adjacent upland 
grsissland Cyff sub-catchments were compared ( Moore i. Hcuusoto 1986). 
Under the 30 year old forest of the Tanllwyth sub-catchment, 
intensively ditched at planting time, suspended sediment yields were 
double those from the grasslamd Cyff catchment and bedload yields 
were five times as high (Newson 1980b). See Table 1.1.
More recently in the southern Pennines, Burt et al. (1984) 
have compared suspended sediment yields from two small upland 
catchments following open ditching for forestry drainage. Before 
ditching,sediment supply was limited and esisily exhausted whereas 
after the treatment a marked increase in the production of suspended 
sediment occurred from one of the catchments. Ditching took place in 
early autumn and during the winter large quantities of sediment were 
carried into a downstream reservoir causing pollution problems.
Since the following spring however, sediment yields were greatly 
reduced mainly due to revegetation of the soil.
Recent results from the Llanbrynmair moor afforestation 
study in mid-Wales (IH Report 1986, Francis 1987), have confirmed 
again that 'a significant increase in stream sediment loads occurred 
during the ploughing phase of forest establishment in both of the two 
small catchments studied. The magnitude of this increase varied 
between the catchments, and appeared smaller than that recorded at 
Coalbum. ’
Thus, from our knowledge in British environments so far it
11
seems that following the land preparation phase investigated in the 
studies above, catchment yields of both fine and coarse sediments 
increase partly because of the changing flood regime (Acreman 1984, 
Jones 1975) but mainly because the soil disturbeince makes available a 
large new supply of sediment for transport in the long terra. A 
literature review by Blackie et al. (1980) revealed a wealth of 
information on the effects of forest management on water quality in 
North America and other areas, but a noticeable paucity of data from 
the British uplands or any comparable environments. Consequently a 
programme of research was initiated to determine the magnitude and 
duration of the effects of forestry operations on water quality and 
quantity. With funding and support from the Natural Environment 
Research Council, the Department of Environment, the Water Research 
Centre, the Welsh Office, the Scottish Development Department and the 
Forestry Commission this coordinated programme is being undertaken by 
the Institute of Hydrology, thé Institute of Terrestrial Ecology and 
the Water Research Centre. Currently, efforts are being concentrated 
on the "major disturbance" phases of forestry operations: land 
preparation and planting at Llainbrynmair moor, clearfelling at 
Beddgelert, Kershope and Piynlimon and ploughing, planting and 
felling at Balquhidder.
Since the major expansion in plantation forest establishment 
took place after World War I when the Forestry Commission was set up, 
forests planted at that time have only been reaching maturity 
(naximum yield) in the last decade or so. Clearfelling and 
replanting operations in the U.K are just beginning to take place on 
a large scale. Consequently, as yet there is a paucity of British
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data from which to sissess the extent to idiich sediment yields au:e 
further modified durini the clearfelling and subsequent replanting 
phase. In contrast, studies on the impeict of clearfelling and 
logging activity elsewhere in the world are more numerous.
Areas of forest clearance and logging activity with
associated road construction, heavy machinery operation, and often
nearly complete removal of the vegetation cover, have been found in
many regions to exhibit increased flooding and particularly increased
transport of debris and sediment. Considerable work on this problem
has been reported from the Pacific northwest states of the U.S. For
example, the influence of two types of logging practice on the
response of small catchments in a Douglas fir stand in western Oregon
has been studied by Fredriksen (1970). He compared the response of
three small watersheds in the H.J. Andrews Experimental Forest: one
patch-cut with roads constructed for timber removal, one clear-cut
with the timber removed by aerial ropeways, auid the third an
undisturbed control basin. Total sediment yield from the clear-cut
basin was three times higher than the control whereas the patch-cut
basin with roads had sediment yields of more than two orders of
magnitude higher than the undisturbed basin. The presence of logging
roads was found to be the dominamt control over increased yields
because whereas vegetation removal was more complete in the clear-cut
of-ivatershed it exhibited a total sediment yield of only 3 per cent^that 
from the patch-cut catchment vdiere roads had been constructed. The 
forest roads caused severe mudflows and landsliding which scoured the 
stream channels and provided a massive source of sediment and debris. 
There were also contrasts in the relative proportion of suspended
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load and bedload comprising the total load because whereas the ratio 
was 1:1 and nearly 2:1 in the control and clear-cut catchments 
respectively it changed to 1:4.5 in the patch-cut watershed. The 
increase in the relative importance of bedload in the patch-cut basin 
was attributed to the landslide activity.
It is apparent from a more recent review of stixiies by Reid
(1981) , Madej (1982) and Lehre (1982) summarised by Swanson et al.
(1982) in the Pacific northwest and Roberts (1984) in Canada that 
logging increases sediment delivery to strea-ms. This is due mainly 
to an increased availability or erodibility of sediment rather than 
to an increase in runoff. The major sources are surface wash auid 
mass<,failures associated with roads, an increase in the incidence of 
mass^failures on steep slopes following forest removal due to decay 
of the root mat, and an increase in streambank erosion. A major 
portion of the sediment delivered to the stream channels may be 
stored so that sediment transport rates observed at the basin outlet 
cainnot be set equal to the rates of erosion (Megahan and Nowlin 
1976).
That much can be achieved through careful forest management
»A fi?re.&t
is illustrated by the example of the H.J. Andrews Experiment^where a 
reduction in the number of logging roads considerably reduced the 
resulting increase in sediment yields. Table 1.2 shows the effects 
of timber harvesting in the United States (Sharpe and De Waile 1980) 
on stream water turbidity levels under two different regimes of 
forestry management,atnd contrasts the results with those from am 
undisturbed control stream. Where no care was taken to protect water 
quality exceptionally high stream water turbidities resulted. If,
14

for example, a small reservoir received such water it would soon 
become seriously polluted. Where care was taken the deterioration in 
water quality was minimal and recovery was more rapid.
O ’Loughlin et al. (1980) have examined the sediment yield 
eind water quality responses to clearfelling of evergreen mixed 
forests in western New Zealand and found that clearfelling and 
removal of logs followed by burning on two steep basins caused marked 
stream water quality changes. In a basin which was tracked, 
har\'ested by rubber tyred skidders and biimt, sediment yield rates 
increased to eight times the yield from a nearby forested control 
basin. Most sediment came from the track. In a basin idiich was 
clearfelled and harvested by a downhill cable system with no 
tracking, sediment yields were not significantly different from the 
control basin.
The effects of logging on sediment yields documented in the 
Pacific North West states of the U.S. and in New Zealand may not of 
course be applicable to the British environment since these studies 
refer to logging of natural primary forest on vdiat are usually 
steeper slopes, often with higher rainfall intensities and/or a more 
deeply and thoroughly weathered bedrock. These factors combine to 
make conditions very different to those in upland Britain and so the 
validity of direct comparisons is in question. It appears that 
forest establishment smd logging operations can affect erosion and 
increase sediment yields but that much can be eichieved through 
careful practice (e.g. Mills 1986, Ponce 1986).
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The sediment producing geomorphic p r ^ a a e a  operating in an 
upland Scottish glen such as those studied at Balquhidder can 
sometimes be so slow as to be considered negligible. At other times 
they can be of a catastrophic nature. At best they are highly 
variable in both space and tin«. Clearly, short-Lenn nionitoring at a 
few localities is not easily extrapolated to construct a catchment 
sediment budget. Designing a monitoring network to measure 
components of the sediment balance to build a sediment budget can be
a dauriting prospect especially since iittle experience of LI,is has 
been gained in the British uplarxl envirormwinL. Many investigators 
have studied individual sediment produ.'tion and ti-ansport processes 
operatirui in the British upland enviroruiHint (e.g. Slaynuiker 1972, 
Imeson 1974. Ixiwin et al. 1974, Oxley 1974, Newson 1975b, Lewin arni 
Wolfenden 1978, Robinson 1979, Grinushaw and Lewin 1980, Newson 1980a 
and b, Arkell eL al, 1983, Moore and Newson 1986) but little effort 
in British geomorphology has been made to integrate the use of the 
various previously employed techniques to attempt to construct 
sediment bix.igets for whole catchment systems. Tlie sedinKint budget 
approach has been adopted elsewhere (e.g. Dietrich and Dunne 1978, 
Duijsings 1987) and in north America it has been used to assess the 
effects of logging road impact (Reid et al. 1981). Only by leai-nir«i 
about sedinK^nt budgets will it be possible to assess the long term 
effec’ts of U,e incx-easing land use changes in the British uplands, be 
they from forestry, agriculture, recreation or water supply 
undertakings.
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CHAPTER 2: THE BALQUHIDDER EXPERIMENT
2.1 The Balquhldder Paired Catchments Experiment
The publication of results in the late 1970’s from the 
Plynlimon Experimental Catchments (Newson 1979) on the headwaters 
of the rivers Severn (afforested) and Wye (grassland) in mid-Wales 
concluded that the forested upper Severn catchment intercepted 
and ’utilised’ more water than the adjeicent grassland Wye. This 
caused concern among Scottish Water Authorities. It was claimed 
that conditions in mid-Wales were not at all representative of 
Scottish conditions where factors such as geology, topography and 
relief are different and a much higher proportion of the annual 
precipitation input is in the form of snow. Catchment experiments 
are extremely costly to set up and run and studies are not 
undertalcen lightly. Yet the major ex-pans ion of forestry planned 
by the Forestry Commission for upland Scotland over the next 50 
years stimulated the interested parties which include the Scottish 
Development Department, Macaulay Soil Research Institute, 
Department of .Agriculture and Fisheries for Scotland, Forth River 
Purification Board and the Forestry Commission to form a 
consortium to fund a catchment scale study of the hydrological 
effects of afforestation near Balquhidder in the southern 
Highlands in an area of Scotland where snow input and accumulation
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are normal features of the climate. In place of the relatively 
smooth upland grassland of Plynlimon, the natural vegetation cover 
tends to be a heather, bracken, scrub and grass complex with 
significant areas of bare rock at the higher levels.
The catchments allow comparisons of the effects of forest 
with those of the indigenous vegetation on the water balance, 
stream^and sediment yield characteristics for a 'calibration 
period from 1982-5 (to be referred to as Phase I hereafter). They 
also offered the prospect of longer term studies into the 
hydrological effects of all phases of forestry in this environment 
since clearfelling was scheduled to start in the mature forest in 
early 1986 sind the lower slopes of the moorla.nd catchment were to 
be ploughed and ditched in spring and early summer of 1986 in 
preparation for planting (1986 onwards is referred to as Phase 
II).
2.2 Specific aims and objectives
As part of the Balquhidder catchments’ water balance study 
the Institute of Hydrology have undertaken a sediment output 
monitoring programme throughout the two phases of the experiment. 
During Phase I (1982-1985) differences in the sediment output from 
the two catchments were, attributed to latnd use. This phase also 
acted as a calibration period before the Isuid use conversions of 
Phase II took place. Phase II started in early 1986 and was 
concerned with the effects of ploughing, draining and tree
18

b. to continue monitoring in the same source areas ais in Phase
I,
c. to construct preliminary sediment budgets for the initial
stages of Phase II in the same way as for Phase !•
2 • 3 Experimental Strategy
The focus of interest concerning the humaui impact on land 
use changes wiiich has developed during the present century has led 
fluvial geomorphologists to study these land use changes within 
the catchment system sis the most convenient landscape unit. We 
have incomparably more experience with (hydrological) catchment 
experiments than with any other full scale experimental unit 
within the discipline of earth science and so the drainage basin 
or catchment system has provided the fundamental unit for 
experiments in fluvial geomorphology. Trsiditionally, hydrologists 
and fluvdal geomorphologists have adopted a ’black-box’ approach 
to relate catchment inputs to outputs and indeed, in small 
catchments it has proved possible to relate catchment 
characteristics and form to the rates of water discharged from the 
basin outlet. However, much less success has been achieved when 
attempting to predict outputs of sediment from a drainage basin 
using the ’black-box’ approach. Although the drainage basin does 
provide a functional unit for the study of fluvial processes, many 
subsystems exist at a variety of scales and these have 
implications for storage of both water and sediment in particular.
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For example, it is conceivable that the effect of a land use 
change within a drainage basin may result in an immediate change 
in the sediment output from that catchment. On the other hand, it 
is more likely that a proportion of the sediment released as a 
result of the land use change might be transported only a short 
distance before becoming stored. It may then be some years, 
decades or even longer before this sediment is remobilised and the 
true effect of the land use change shows up at the catchment 
outlet. Measurements made only at the catchment outlet, 
therefore, could potentially fail to detect changes in erosion and 
sediment transfer taking place higher up the catchment. The object 
of this research is to supplement the IH ’black-box’ approach to 
monitoring sediment output from the Balquhidder catchments during 
a period of land use conversion by monitoring sediment sources. 
Sediment transfers in the source areas are then compared with yields 
at the catchment outlets and deliv'ery ratios are computed. Low 
delivery ratios would imply storage of sediment between source 
area and the measurement point.
Paired catchment experiments in general, however, require 
certain characteristics to pennit the establishment of experimental 
control. Establishing experimental control in a short term 
investigation such sis this is crucial and yet difficult to 
achieve. Church (1983) describes how most geomorphological 
experiments can be seen at best as ’case studies’; organised
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progranroes of field observations do not usually constitute 
experiments. Church requires an experiment to include ’a 
formalised schedule of measurements to be made in conditions which 
are controlled insofar as possible to ensure that the remaining 
variability be predictable under the research hypothesis’. In 
these terms the Balquhidder experiment may prove to be little more 
than a representative case studj'. The degree of control is 
minimal and no specific model is being directly tested. 
Nevertheless, such case studies continue to be valuable, since as 
Ward (19(1) notes, ’only a wide range of representative catc.hment 
studies will allow us to begin to integrate all the complexities 
of climate, soil and vegetation’.
Church identifies criteria to permit the establishment of 
experimental control in a paired catchment experiment. For this 
purpose Church reviews the earliest of all watershed experiments 
to be concluded, that at Wagon Wheel Gap, Colorado, between 1910 
and 1926 (Bates and Henry 1928). This paired catchment experiment 
examined the effect on runoff of forest cutting and burning. The 
criteria for choice were:
- that the selected basins be practically contiguous in 
order that the differences in the amount and timing of 
precipitation be minimised,
- that the basins be situated on identical geological 
structure, should have similar ranges of elevation, and
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should be as neaurly alike as possible in aspect and 
physiography,
- that the vegetation should be representative of the 
region (rather than optimum),
At Balquhidder the criteria are met as follows: the two 
catchments are close to each other, Kirkton being only 5 km east of 
Monachyle (see Figure 2.1) so that differences in the amount and 
timing of precipitation are minimal (see Table 2.1); both 
catchments lie on the Dalradian schists and are therefore 
geologically similar with the exception of a band of beisic rock on 
the west side of Kirkton which should have little or no 
implication for sediment stixlies; topography (slope angles) and 
relief (250-900 m) are similar; vegetation cover is representative 
of the surrounding region - the moorland vegetation cover is 
representative of the adjacent glens and indeed upland Scotland as 
a whole, while the afforestation in Kirkton is representative of 
an increasing number of neighbouring and Scottish glens this 
century. When the Balquhidder Catchments Experiment wets first 
conceived it was originally hoped to find a third catchment 
(Blackie pers. comm.) which would be left untouched as an overall 
control . This proved impossible and so the experiment remained 
a ’paired catchment experiment’ but in order to achieve some 
experimental control over differences in the precipitation inputs 
a streamflow gauging station was installed on the upper part of
23
Figure 2.1: Location and instrumentation of Ute Balquhidder catchments.
24

the Monachyle mainstream so that an upper Monachyle catchment, 
which was to remain undisturbed for the duration of the 
experiment, could be used as a control. The absence of a third 
separate control catchment is regrettable, however, particularly 
from the point of view of sediment studies. The choice of the 
upper Monachyle gauging station was not ideal since the character 
of this upper basin is very different from the lower Monachyle and 
Kirkton in that it is a relatively flat area (see Plate 2.1 (a)) 
of deep peat which seems to act somewhat like a ’sponge’. Access 
to the gauging station is difficult and ais a result hardly any 
measurements of sediment transport at this site have been made.
On the one occasion when coarse sediment monitoring during a flood 
event was undertaken at the site the observer detected no sediment 
moving (Johnson pers.comm). The very nature of the channel itself 
- deep, slow flowing, mud bed - suggest that no bedload transport 
is occurring and that the coarse sediment yield from this upper 
catchment is negligible.
A second type of catchment experiment was initiated in the 
1890’s in the Swiss Emmenthal e\-perimental basins where one of the 
similar characteristics, that of surface cover, was deliberately 
varied. This is the case at Balquhidder and it means that the 
conventional calibration between watersheds before treatment 
cannot be carried out. Therefore, special precautions are taken 
in the design of the measurement programme, such as establishing a
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third separate control catchment {e.g . upper ^h^nachyle), and 
during analysis, to ensure that extraneous sources of variability 
do not bias the results. This in particular means that the stixly 
should be prolonged in order that short term inconsistencies in 
the behaviour of the experimental units, introduced mainly by 
variations in the weather, may be smoothed out. At Plynlimon the 
experiment ran for ten yesu:s and this is the duration planned at 
Balquhidder. However, the time-span for a Ph.D thesis (notirially 
2-3 years) is clearly too short to allow VEuriations in weather to 
be smoothed out. The only approach which can be used to counter 
this problem is to make use of IH past stream flow records to 
assess the streamflow variability and the effect that this has on 
sediment yield variability. In this way some idea of the 
’representativeness’ of the relatively shoht time which this study- 
spanned can be gained.
The Balquhidder experiment is a comparison between 
catchment response from two catchments, similar in all respects 
except surface vegetation, through the use of paired catchments in 
which, after an initial calibration period (Phase I) specific 
treatments (land use conversions) were applied to the catchments. 
Phase I of the experiment was concerned with initial calibration 
of the two catchments in their ’semi-natural’ state. One has 
heather moorland land use, the other has mature forest covering 





The catchments selected for the study are the upper 
Monachyle and Kirkton glens in the Balquhidder area of Central 
Region, Scotland. Plate 2.1 shows general views of catchments and 
the locations and relative positions of the catchments are shown in 
Figure 2.1. Table 2.1 summarises the catchment characteristics 
and precipitation inputs. Both catchments are in steep-sided 
glaciated valleys with similar areas and height ranges and are 
aligned approximately N-S. Drainage networks are similar, both 
catchments having one mainstream of relatively shallow gradient in 
the centre of the glen with much steeper tributaries flowing into 
this. Figure 2.2 shows stream long profiles of mainstreams and 
tributaries. The similarities are clear. In both catchments 
shallow peats, peaty gleys and upland brown earths overlie mica 
schists of the Dalradian assemblage. With the exception of a basic 
band of rock on the west side of the Kirkton catchment soils and 
the underlying geology in both catchments are similar.
Precipitation annual totals are generally between 2000 and 2500 mm, 
totals normally being slightly higher in Monachyle. Snow may lie 
in the catchments any time between December suid April. Frosts, 
measured as grass minimum temperatures at the Tulloch Farm weather 




Plate 2.1 (a) Aerial view of Monachyle catchment in 1983. Tlie arrows 
indicate the locations of the upper and lower guaging 
stations (Photograph t-alten by IH commissioned helicopter).
Plate 2.1 (b) Yifc at the start of clearfelling in early
1986. Arrow indicates approximate location of main gauging 




Figure 2.2: Mainstream and tributary long profiles of the Balquhidder 
streams.
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In the 7.7 km* area of the upper Monachyle glen being 
studied, the upland grasses which are dominant in the lower part of 
the glaciated valley give way progressively to bracken and then to 
heather as altitude increases. The upper control catchment (2.24 
km* ) contains an area of deeper peat and here the channel is deep 
and very slow flowing because of a very low gradient. In the 
middle section of the catchment the mainstream gradient steepens 
(see Figure 2.2) and the channel flows on bedrock. In the alluvium 
filled lower part of the catchment the channel meanders (see Figure 
3.4) and has a gravelly bed and lower gradient. Heather dominates 
the vegetation on the ridges and in the upper control catchment. 
Grasses predominate within the lower basin particulaudy in the area 
enclosed by the Forestry Commission fence though there is a 
significant bracken coverage in the north-west part of the enclosed 
area and some patches of scrub forest below the crags on the 
western side. There is a considerable area of exposed rock on the 
western ridge of the catchment.
Above the tree-line in Kirkton glen three lochans provide 
localised storage emd serve to increase baseflow during dry 
periods. Mixed heather/grass cover dominates above the tree line 
and is generally similar to that in the Moneichyle. The Forestry 
Commission boundary fence encloses 44% of the catchment area 
although when unplanted areas, roads and clearings are considered 
the forest cover is estimated at 35%. Tributaries flow steeply on
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bedrock into the forest where they merge to form the mainstream 
viiich tends to be straighten than in the Monachyle. The channel is 
mainly gravelly with a few sections where bedrock is exposed. 
Mainstream channel bank materials are mainly fine with 70-90% finer 
than 2.8 mm. Typical grainsize curves for tributary channel banks 
(including a forest ditch) are plotted in Figure 6.4 and again it 
can be seen that the material is finer than that from the channel 
bed. Slope angles estimated from contours on 1:10000 maps are 
similar in both catchments and average 22®.
By March 1981, rain gauge and automatic weather station 
networks were designed auid installed and readings were initiated 
when the resident observer took up office in Ai;gust of the same 
yesir. Eleven rain gauges are distributed in each catchment, 
sampling the major altitude, aspect and slope domains. Two 
automatic weather stations (AWS) are deployed in the catchments, at 
300 m in the Monachyle and at 670 m on the western ridge on the 
Kirkton, whilst a third is maintained alongside a manual 
meteorological station at an easily accessible, low level site 
(Tulloch Farm weather station) between the two catchments on the 
northern shores of Loch Voil. IH streamflow measurement 
instrumentation is discussed in section 3.1.
To maximise the use of the hydrological data, the 
catchments are also being used for studies of the effects of 
forestry on nutrient losses, on water quality and on aquatic biota
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by the Macaulay Institute, the Forth River Purification Board and 
the DAFS Freshwater Fisheries Laboratory respectively.
2.4.2 Selection of tributary monitoring sites
At the outset of the study the catchments were divided into 
two source area zones: the mainstreams and the tributaries.
Because of the high density of the stream networks it was 
practically impossible to undertake measurements in all tributary 
catchments and so it was necessary to select 'representative’ 
sub-catchments. It was decided to install sediment traps on 6 and 
3 tributary streams sampling 38 and 18% of the total catchment area 
in Kirkton and Monachyle respectively. Figures 2.3 and 2.4 show 
the locations of these sediment trap«, sub-catchment boundaries, 
roads and also show suspended sediment sampling stations in the 
stream network for Kirkton and Monachyle. .Areas of sub-catchments 
draining to the monitoring stations, average gradients and 
approximate forest cover are indicated in Table 2.2. In selecting 
the .sites for sediment traps the following considerations were 
made:
1. that access to the traps was good (roadside locations 
were chosen in Kirkton where the lower Forestry* Comnission road 
shown in Figure 2.4 was used) since sediment accumulating in the 
trap« needed to be excavated monthly. Ideally, it would be 
pxjssible to empty all traps in one field day.
2. to locate some of the traps where the sub-catchment was
34
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Figure 2.4: Sediment source uren measureinenl, sites, sub-oatcluiient 
boundaries, instrumentation emd roads in Kirkton glen.
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likely to be affected by felling (west side of glen - K8, K9, K12) 
and ploughing/draining in Phase II of the experiment (Ml) as well as 
positioning others v^ere no change in the land use was scheduled in 
the two year monitoring period planned (Kl, K4, K7, M2, M3).
3. to select tributaries which were ’typical’ of others in 
terms of gradients, water discharge and land use.
At the start of the project areas to be affected and dates 
for the land use conversions were not available. However, the 
clearfelling operations were to enter the Kirkton catchment from 
the south-west boundary and move in a cloclcwise direction, the 
whole catchment talcing up to five years to clearfell. With this in 
mind, 4 of the 6 sediment traps were located on the west side of 
the catchment in order that any effect of clearfelling proceeding up 
the west side of the catchment (see Figure 2.5) could be monitored. 
Two further traps were located on Kl and K4 as ’controls’ to remain 
unaffected. In the event, K4 was later affected by the 
construction of a loading area and a ro€ui diversion. Intensive 
suspended sediment sampling was carried out in K8 (a s  a. 
sub-catchment which it was hoped would be clearfelled at some point 
in the two year period, but in the event cleetrfelling did not 
affect this sub-catchment) and K4 (where the effect of the road 
diversions and timber stacking area construction were monitored in 
Ríase II).
At the time of installing the sediment traps in the
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Figure 2.5: Clenrf(;lliug progress in Kiricton glen. 
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Monachyle catchment, the land use conversion plans were that 
ploughing/draining was to take place in three phases over three 
years. For this reason, M2 and M3 were located further up the 
catchment in the hope that M3 (or even M2 as well) would be 
unaffected after the first phase of ploughing. However, Figure 2.6 
shows that all the proposed ploughing/drainage was carried out in 
one phase (April-July 1986). Intensive suspended sediment sampling 
was conducted in Ml for reasons of access - there were no roads 
into the Monachyle catcliment and this was the nearest suitable 
tributary to the end of the road which terminates just inside the 
southern catchment boundary. Some intensive suspended sediment 
sampling was carried out in the tributary down fchich the slope 
failure had occurred several months previously, but suspended 
sediment concentrations were very low and not significantly 
different to samples from Ml. Also, Ml had a typical appearance 
and there was no reason to suspect that it should not be 
representative of other tributary streams in the glen.
For the purposes of estimating catchment sediment yields 
from the tributary bedload trap accumulations, all large tributary 
sub-catchments were delineated in the 1:10000 scale catchment map 
and their areais measured by digitising. Shaded areas in Figure 
2.7 are considered to drain directly into the mainstreams and 
should therefore not be included when estimating tributary yields. 
These areas are alongside the mainstreams and generally have low
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gradients and dense vegetation cover. For the purposes of this 
study the sediment yield from these areas is assumed to be 
negligible. Sediment yield from the upper Monachyle catchment is 
also considered to be unusually low (see section 2.3) and therefore 
is also shaded in Figure 2.7 emd not included in tributary yield 
estimates. Shaded areas corresponded to approximately 60 ha in both 
catchments which represents 9% of the total Kirkton catchment area 
and 37% of the Monachyle catchment if the upper Monachyle is 
included. Thus, the actual areas considered to be drained by 
tributaries are 630 and 486 ha in Kirkton and Monachyle 
respectively and these areas are used for the purpose of 
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2.5 Land Use Conversion
The Balquhidder Catchments’Experiment entered Phase II to 
study the effects of deforestation in Kirkton glen from October 
1985 and afforestation in Monachyle glen from April 1986.
2.5.1 Afforestation in Monachyle Glen
Before an area of wet, poorly drained upland moor such as 
that in Monsichyle glen can be successfully afforested, a certain 
amount of ground or site preparation is necessary to give young 
trees a reasonable chance of survival in their first few years and 
to enhance the chances of producing a successful crop of trees in 
the future. This site preparation usually involves some form of 
ploughing in the first instance usually followed immediacy by some 
form of drainage scheme. According to Taylor ( i97o)
ploughing is undertaken for the improvement' of 
tree growth by alteration of the site in one or more of the' 
following ways: regulation of water movement, improving soil 
aeration, reducing compaction, mobilising nutrients (particularly 
nitrogen), reducing competition from the natural vegetation and 
providing a favourable plamting position. So, the principal 
objective is to amend adverse soil features in order to encourage 
root development, and to improve crop stability. Ploughing is 
carried out in order to help achieve this and a very wide range 
of plough designs is available to the forester to meet the 
requirements of the varying soil types and terrain which has to be
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ploughed. In Monachyle the type of plough used was a D45/T60/m 
which means that the plough was of the double mouldboard (D) type 
(i.e. turns turves over on both sides of the plough furrow eis 
opposed to a single mouldboard (S) which only turns over turf on 
one side), that the depth of the furrow was 45 cm but that the 
depth of the tine or centre of the furrow (T) was 60 cm. The 
plough was mounted on a caterpillar tractor (m) ais opposed to being 
trailed behind (t). Thompson (1970) discusses the nomenclature and 
details of standard and specialised ploughs available. Ploughing 
within the IH catchment area started in esu^ly April 1986 and 
three-quarters of the area to be ploughed was completed by the end 
of the month. Ploughing was then interrupted for three weeks on 
the request of the R.S.P.B due to the presence of a Golden Eagle 
nest on the west side of the catchment. Ploughing was resumed and 
completed in the last week of May 1986. Plough furrows ran 
straight downhill but stopped well before the mainstream leaving 
wide riparian buffer strips (20-30 m) alongside the mainstream 
unploughed (see Plate 7.2). Broadleaf regeneration will be 
encouraged (with some planting e.g. hazel, alder, willow) in this 
zone. Forestry Commission plains intend that some 235-240 ha (30%) 
of the 770 ha catchment will eventually be planted of which 
something like 180-200 ha (25%) would be ploughed aind the remaining 
5% hand plamted. However, the steep slopes and wet conditions 
meant that only 80 ha (or 10% which is less thaui half of the
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originally planned area) was in fact ploughed. A larger proportion 
will therefore have to be hand planted with the use of herbicides 
to suppress competition from natural vegetation. Some planting 
took place in Spring 1987.
To a large extent ploughing itself gives very intensive 
drainage of the upper soil layers, but ploughing alone is not 
usiially sufficient to drain these very wet upland areas and so is 
usually supplemented by an open-ditch drainage scheme which is 
superimposed on the ploughed area and commonly called 
cross-draining. In short, a drainage scheme carries water 
collected by plough furrows to a natural water course in collecting 
drains or intercepted at strategic points by cut-off drains. 
Cross-drains are ideally restricted to a gradient of about 3® to 
reduce severe erosion and their capacity sets a limit to the size 
of their catchment area. Maintenance (removal of blockages) and 
remedial work (deepening and widening of existing drains and 
digging of new drains) are important parts of a drainage scheme. 
Thompson ( 19^2) gives more details of
the design, limitations, maintenance euid remedial work for forest 
drainage schemes. In Monachyle the drainage scheme was installed 
using standard JCB type diggers in June and July 1986 immédiat«!^/ 
following ploughing. Some drains were dug by hand on steeper 
ground after this date. Figure 2.6 shows the ploughed area within 
the catchment and the approximate location of the cross-drains.
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2.5.2 Clearfellirut in Kirkton glen
Clearfelling entered the catchment in January 1986 but w eis 
preceded by extensive road grading, repairs and construction of 
timber stacking areeis - the IH resident observer who is concerned 
with changes in sediment output declared 14 October 1985 as the 
official date on which the road repairs in preparation for 
clearfelling started. Three main stacking areas have been 
constructed: the first (southern) is on the west side of the 
mainstream near the main IH crump weir and this was constructed in 
March 1984. However, since it lies on the southern limit of the 
catchment boundary only a small proportion of the runoff from this 
area actually passes through the main output weir via a small 
tributary (K14 in Figure 5.16) which is just downstream of the IH 
suspended sediment sampling point and therefore did not affect 
suspended sediment outputs. The second stacking area (northern) 
was constructed in late October and November 1985 (see Plate 5.5 
and Figure 2.4) and runoff from this area entered stream K4 and was 
sampled for suspended sediment throughout the project study period 
from March 1985 to April 1987. A bedload trap was also located on 
stream K4 downstream of the northern stacking area. Road repairs 
in the form of straightening a bend to allow large logging lorries 
to approach the northern loading area took place in August 1986 and 
runoff from this also directly entered stream K4. Results of this 
sampling are reported in section 5.4.2. The third stacking area is
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to the east of the main IH output weir and was constructed at the 
same time as the northern one. However, since runoff from this 
area enters the mainstream downstream of the IH weir its 
construction has no effect on catchment outputs of sejdiment sind is 
therefore discussed no further in this thesis. All roads, the 
three stacking areas, suspended sediment sampling points and 
bedload traps are located in Figure 2.4.
Clearfelling crossed the southern boundary on the west 
side of the catchment in January 1986 and proceeded in a northwards 
(clockwise) direction up the west side of the glen and will 
continue southwards down the east side in the future. The Forestry 
Commission works on the basis of five year plans, and details of 
the present plan were presented to a water quality consortium 
meeting on 14 November 1985 by the Regional Head Forester Mr. Brian 
Roebuck. Briefly, the current plan ends in 1988 and it was 
proposed to fell approximately two thirds of the west side of the 
glen within the current plan. The aim is to fell each 
sub-catchment as a whole before moving into the next one by both 
cable crane (also called ’skyline’) and forwarder. Forwarders are 
large wheeled tractors which in general can remove timber from 
slopes of up to 55% and are preferred to cable cranes since they 
move the timlDer to the stacking areas rather than to piles on the 
side of roads as is the case for cable crane extraction (see Plate 
7.4). Loading timber onto logging lorries on roadsides tends to be
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more time consuming. The lower roads will be used by forwarder 
only, the upper east road allowing logging lorry access to the 
northern stacking area eind the upper west road currently being used 
for stacking and removal of timber extracted from above and below 
the road by cable crane. Felling progress up to the end of the 
study period (May 1987) is illustrated in Figure 2.5 which shows 
that not all felling is done by the Forestry Commission and that 
some areas are "standing sales" in which felling and extraction is 
contracted to felling gangs. Felling contracts include statements 
clarifying that trees must be felled away from streams, 3iny forest 
litter must be removed from streams and forwarder movement must 
avoid crossing streams except in specially strengthened or bridged 
points.
After felling a new stock fence will be erected round the 
outside and deer populations within the perimeter fence will be 
controlled by rangers. The land will be left for eighteen months 
to two years and then replanting will follow the felling pattern, 
the main species being sitka spruce with some larch and possibly 
douglas fir. There is the possibility that additional drains on 
flatter ground will be dug and existing drains cleaned at the time 
of replanting but otherwise there will be no other cultivation.
Tliere will probably be no fertilisation since the soils are rich 
but there could be a herbicide application after the first year of 




Within the catchment unit monitoring of sediment sources 
was largely undertaken at the tributary or sub-catchment scale by 
monitoring tributary yields (’inputs’) of suspended and bedload and 
along the mainstream by measuring ’inputs’ from bank erosion and 
changes in bed storage of coarse sediment. ’Outputs’ are monitored 
for the duration of the experiment by the Institute of Hydrology 
(IH). Figure 3.1 indicates the points in the system at which 
sediment transfer is assumed to occur. All transfers were 
monitored except for hillslope processes and bedrock erosion w'hich 
were assumed to be negligible over the timescale of the study.
Fig\jre 3.1: Representation of the catchment system sediment 
sovirces, stores and fluxes.
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3.1 Catchment outputs
Catchment outputs of both water and sediment have been 
monitored by the Institute of Hydrology since 1982. This task is 
undertaken by an IH resident observer.
3.1.1 Streamflow measurements
The design chosen for the main gauging structure on each 
catchment was the Hydraulics Research Station Crump weir. The 
Monachyle structure is seen in Plate 3.1. This design has the 
ability to provide accurate estimates of flow over a v'ery wide 
range. In order that the structures be capable of containing the 
estimated 50 year flow of 26 and 30 m̂  s* * crest widths of 5 and 7 
m in Monachyle and Kirkton respectively were needed. This meant 
that the dry season base flows would inevitably drop below the 0.3 
m minimum stage recommended in British Standard 3680, resulting in 
poor sensitivity in this range. Therefore, separate low flow 
striictures were installed by the Forth River Purification Board in 
series with the crump weirs. These were short trapezoidal flumes 
prefabricated in fibre glass and embedded in concrete and designed 
to overlap the lower part of the acceptable flow range of the crump 
weir it complimented. Designs were completed by early autumn 1981 
but weather aind flow conditions precluded construction until late 
spring 1982. Forestry Commission access roads made it possible to 




In addition to flow measureinents at the main outfalls, it 
was agreed that a further structure should be installed on the 
Monachyle immediately above the area to be ploughed and planted in 
1986. The catchment draining to this structure was intended to act
as an overall control for the experiment during Phase II. An
o-
all-alloy design of^ flat Vee weir was evolved for this site because 
of the need to fly materials to the site by helicopter. The 
Kirkton structures became operational in July 1982 and the main 
structure on the Monachyle in December of that year. The Monachyle 
low flow structure and the upper weir were finally completed and 
commissioned in summer 1983. The theoretically derived 
stage-discharge relationships for all the structures have been 
checked over a range of flow conditions using dilution gauging and 
current metering. The corrected measured stage-discharge 
relationships are used in this study. All water level data used in 
this study' is quality-controlled by IH.
All five structures were equipped initially with the 
standard potentiometric water level recorders used by IH. These 
have a potential accuracy of +/- 1 mm throughout the flow range. 
Readings at 15 minute intervals are logged on Microdata cassette 
recorders. Starting levels for each tape are determined using a 
’dipflaish’ device in which contact with the water surface in the 
stilling well closes a circuit. This is also potentially capable 
of an accuracy of +/- 1 mm. Ott paper chart recorders installed
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and operated by Forth River Purification Board as well as Fisher 
and Porter punch card recorders are used as backup on the main 
structures.
3.1.2 Suspended sediment outputs
Discharges peist both gauging stations are sampled for 
suspended sediment by IH personnel using the following methods:
(i) depth-integrated mEinual sampling using a standard 
USDH-48 depth integrating sampler which consists of a glass bottle 
secured to the end of a wading rod with a standard brass inlet 
valve and exhaust valve. The gleiss bottle is contained in a steel 
weighted case. This sampler is most suitable where the stream 
depth is 0.1-1.0 m (which corresponds to the depth range normally 
found at the catchment outlets of the Monachyle and Kirkton) and 
there is the possibility that the suspended sediment load is not 
evenly mixed in the stream profile. In larger streams suspended 
sediment concentration can be higher nearer to the stream bed. 
Lowering the sampler vertically into the stream until it just 
touches the bed and then raising it back through the water profile 
collects a 'depth integrated’ or average sample. In this way it is 
hoped to eliminate bias which might result from sampling at a fixed 
depth which may not sample suspended sediment concentrations 
representative of the vertical column. This so-called 'hand 
sampling’ is supplemented by:
(ii) automatic sampling using ALS Mlc 4 automatic pumping
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samplers. These time-lapse vacuum operated bottle samplers 
(iMinufactured by Automatic Liquid Samplers (ALS), England) pump 24 
samples at a predetermined time interval ranging from 30 minutes 
to 8 hours. Water samples are taken from a fixed point intake 
located in the stream. In this study the sampling hose was roped 
onto the top of a concrete block which kept the inlet off the 
stream bed. The inlet was pointed downstream. By taking samples 
from a fixed point in the stream cross-section this sampling method 
does not have the advantage of collecting a depth integrated sample 
as the USDH-48 sampler does and could therefore be biased.
However, it is felt that the turbulent flow conditions during 
floods (when most sediment is transported) causes suspended 
sediment to be well mixed in the stream vertical profile and so 
sampling at a point may not lead to serious bias. For times when 
the resident observ’er is not on site, sampling during flood events 
can be initiated by a float-operated electrical switch which is 
switched on as the stream level rises. The water/sediment mixture 
is pumped from the stream by the power supplied by a partied, 
vacuum, produced in the bottles by means of a manually operated 
bicycle-type pump, and reinforced routinely ev'ery two weeks if the 
float switch had not been activated since the last visit. The 
quantity sampled in each bottle is a function of the suction head, 
the original level of vacuum produced, the time since the laist 
evacuation and the length of tube (3 m in this case). The degree
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of attainable vacuum yields only a moderate pumping velocity, vdiich 
in many cases may be lower than the fall velocity of medium and 
even fine sand particles in the vertical part of the intake pipe. 
The end of the inlet hose in the stream has a nozzle which allows 
only particles finer than 2.8 mm to pass through. Thus, for the 
purposes of this study 'suspended sediment' is defined as that 
fraction of the sediment load which is finer than2.8mm, i.e sampled 
by an ALS (see Table 3.1). The sampling method may therefore fail 
to sample some of the coarser particles transported in suspension 
and may be biased towards the finer size classes. Precaution is 
taken to clear out the sampling hose after each set of samples has 
been taken by blowing water out of the tubes which is left as part 
of the previous sample and could cause errors. Each bottle has it 
own intake tube so that cross-contalnination between sampled is 
prevented. Sediment concentrations were determined by vacuum 
filtration through GF/C membranes which have a mean pore size of 
1.2 |Lon.
Rating plots of suspended sediment concentration against 
discharge were constructed separately for autumn, winter, spring, 
and summer. The seasons correspond roughly to September-December, 
December-March, April-May, and May-August but were defined 
subjectively each year by IH's resident observer in the light of 
rainfall, air temperatures, eind snow cover. Data are sparse in 
winter due to problems of icing amd because floods are fewer.
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Total outputs of sediment from each catchment in each season were 
computed by combining log-log rating curves of instantaneous load 
against dischaurge with the appropriate flow duration curve based on 
15-minute streamflow data. There are some gaps in the winter 
streamflow record due to freezing but sediment transport is 
probably minimal at such times. Sediment rating curves were fitted 
to log-transformed data by ordinau'y leaist squai-es regression, then 
detransformed. Since this causes a systematic bias in the 
direction of underestimation (Ferguson 1986) the appropriate 
correction factor was applied to the estimated loads.
3.1.3 Bedload output
In the Plynlimon study of bedload yields from forest and 
grassland (Newson 1980b), concrete traps were used to obtain bulk 
sediment yields, information on sources £ind stores upstream coming 
from tracer experiments. However, at Balqiihidder there was 
insufficient capital and labour to construct traps at the outset of 
the study; instead, careful monitoring of the build-up of bedload 
in the pools of the rectangular gauging weirs has given an 
approximate measure of bulk yield. The emphasis of) bedload 
measurement at the outlets of Kirkton and Monachyle has passed to 
gauging instantaneous sediment movement by a modified Helley-Smith 
sampler seen in Plate 3.2. Originally a 3-inch (76 mm) orifice was 
used, as suggested by Helley and Smith (1971) and calibrated by 
Emmett (1980). At normal flood flows this proved adequate for the
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Plate 3.2 Modified Helley-Smith sampler used by IH for bedload
sampling in the mainstreams. The sampler is fixed to a 
wading rod and used from the bridges over the weirs as seen 
in Monachyle in Plate 3.1 (Photograph by M. D. Newson).
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bedload in motion (Dso = 1 . 4 - 1 1  nm) but because of the 
cosu:senesa of the bed material in these basins (Dso of flood 
deposits sampled by IH was found to be 64 mn) difficulties were 
anticipated with the field use of the original design of sampler 
and a modified sampler was constructed (Bathurst, Leeks and Newson 
1985). This has a six-inch (152 mm) orifice but retains the 
expansion factor of the original design. Its ’box-kite’ tail fin 
and wading rod suspension make it much more convenient for use by a 
single operator. Its trap efficiency is thought to be near 100% 
for the sizes of sediment usually transported past the gauging 
structures. Bedload samples Eire dried, sieved and weighed in the 
IH’s Balquhidder laboratory. A single rating curve of load against 
discharge is fitted and then integrated over the flow duration 
curve in the same way as for suspended sediment. Loaids are 
corrected siccording to Ferguson (1986 ) .
3.1.4 Sediment accumulation in Monachyle delta
Some 3 km downstream of the Institute’s Monachyle gauging 
station the mainstream ends in a delta seen in Plate 3.3 which 
divides Loch Voil Eind Loch Doine. According to the 1899 
Bathymetric survey of the Freshwater lochs of Scotland by Murray 
and Pullar (1910), these two lochs once formed "at no very distEint 
date a continuous loch, which has been divided into two portions 
principally by the deposition of material brought down Monachyle 
glen by the river". Previous studies have used volume meaisurements
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of such lacustrine deltas to estimate sediment yields (Lambert 
1982). In summer 1986 an investigation of the structure of this 
delta was conducted under the assumption that some or all of the 
delta is composed of sediment derived from Monachyle glen. The 
investigation was performed using a seismic refrsiction technique 
and work was carried out with Dr. Rob Duck of the Department of 
Geology, University of Dundee.
The technique utilises the fact that seismic waves travel 
at different velocities in different materials, depending upon 
their density or degree of consolidation and that the waves become 
refr£U3ted idien they pass from material of one velocity to material 
of another. The instrument used to detect 'shock' or seismic waves 
was a portable Bison Signal Enhancement Seismograph. Shock waves 
are introduced to the ground using a sledge hammer to strike a 
metal plate. When the hammer strikes the plate a mercury switch on 
the hammer handle closes, sending a signal through a cable that 
triggers a timer in the seismic instrument which measures time 
intervals in milliseconds. When the seismic wave is received by 
the geophone (a metal spike placed in the ground at a Imown 
distance from the hammer plate and linked to the seismograph by an 
electronic cable), it stops the instrument and displays the
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vibration as^wave form on the oscilloscope of the seismograph.
Four geophones were deployed simultaneously and were positioned at
2.5 m intervals from the sound wave source thus minimising the
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number of hammer blows necessary. One worker strikes the steel 
plate with the hammer while the other reads the instrument. 
Traverses of 30 m were made which corresponded to 12 readings along 
a traverse in each direction. The details underlying the principle 
of the technique eind the advantages of the Bison model over other 
seismographs are fully discussed by Kesel (1976) and need not be 
repeated here. The technique made it possible to detect subsurface 
discontinuities sind to estimate the depth of the layers detected.
Figure 3.2 is an example plot of distance from the geophone 
to the hammer station (m) versus the seismic trav'el time in 
milliseconds. After all stations are plotted, the velocity of the 
subsurface layers is calculated by drawing a straight line through 
as many points as possible. Velocity is estimated as the 
reciprocal of the slope. Where all the points fall along a single 
straight line, a uniform velocity is indicated which represents a 
layer within the depth range of the survey that consists of 
homogeneous material. When more than one distinct subsurface layer 
is detected the points form two or more straight lines from which 
the velocity for each of the layers can be estimated. Once a 
discontinuity has been established between the surface and the 
subsurface layers, the depths of the layers can be computed using 
the formula below for a two layered case:
D = Xc/2 '{V'2 -  V, ) /  (Vj + Vi )
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T R A V E R S E  No. 4
Di s tan ce  along t r a v e r s e  (m) X c 1 b 7 5 m
X c 2  b 1 8 . 5 m
Figure 3.2: Example graph of seismic travel time to first sediment layer 
or discontinuity (milliseconds) v. distance from hammer for 
one traverse on Monau^hyle delta. All speeds on graph 
are in m s‘‘. Xc is the critical distance and D is 
the depth (m) to the interface (see formula in text 
for calculations from velocities). All traverses were 
surveyed in both directions so that two estimates to 
the interfaces are made, one in each direction - ’a ’ 
beneath the graph on the left and ’b ’ on the right.
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M o n a c h y le
Figure 3.3: Plan of Monachyle delta showing the locations of seismic 
traverses made in the study. Points a and b are 
locations of bulk sajnples taken from the streambank, c 




Stage boards graduated in nm were installed in tributary 
streams in sections that appeared to be stable. No continuous 
water level recording devices were available for the first half of 
the study period and so rating curves relating tributary discharge 
(gauged by the salt dilution method during site visits) to 
mainstream crump weir discharge (logged at 15-minute intervals by 
IH) were constructed (see Table 5.1) and used to ’reconstruct’ 
tributary water levels. Tributary discharge at a range of water 
levels w£is measured by the salt dilution gauging and corrected for 
stream temperature (see Appendix I). Log-log rating curves were 
plotted relating stage to disc)iarge. An iterative process to 
minimise the standard error of the estimate eind obtain the best fit 
correction factor to the stage board height was used for the latter 
part of the study period when pressure transducers were in use in 
tributaries Ml and K4.
On 7 May 1986 a pressure transducer stage recorder was 
installed in tributary Ml amd a second was installed in K4 on 1 
September 1986. These continuous water level recorders logged 
water levels at 10 minute intervals onto a Grant Squirrel solid 
state logger. The system was calibrated using a further rating 
relationship to convert millivolts (logged by the squirrel) to
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stage (ran). Since water level is logged to 8-bit resolution (1 
part in 250) over a pressure range equivalent to 0-75 cm of water 
depth, it is estimated that the resolution of the pressure 
transducers in these streams is 3 ran. Data from the Squirrel 
loggers was drained into an Epson HX20 portable microcomputer (seen 
in use in Plate 3.4) weekly and this was used to obtain print-outs 
of water levels in the field and thereby check that instruments 
were functioning correctly. Back at the University water level 
data was then transferred through a BBC microcomputer linked to the 
University VAX mainframe by means of a special transfer computer 
prograrane. Data was then read into MINITAB (a statistical package) 
and converted from analog form to millivolts and then using rating 
relationships to convert millivolts to water levels and discharge.
3.2.2 Sediment size classification
The sediment size classification summarised in Table 3.1 
was adopted for this study. It was derived in conjunction with IH 
and uses a combination of the standard boundaries (i.e. sieve 
sizes) as well as obvious boundaries imposed in the field sampling 
techniques such as the bedload trap netting mesh size and automatic 
suspended sediment sampler intake pipe diameter (both approximately
2.8 mm), Helley-Smith bedload sampler mesh size (0.25 mm), and 
ultimately the GF/C filter pore size (1.2 pm) bounds the lower 
limit of fine sediment measured. For the purposes of this study
2.8 mm was chosen 6ls the boundary between suspended sediment and
68

Table 3.1: Sediment size classification used in this study-
70
bedload (see section 5.2.1).
3.2.3 Suspended sediment
Some 1200 water samples taken from tributary streams were 
analysed for their suspended sediment content. TTie vast majority 
of these were sampled automatically during flood events by 
automatic liquid samplers (one is seen in the centre of Plate 3.4) 
as described for the catchment outlets in section 3.1.2. Samplers 
were activated by float switches which then sampled through flood 
events. The first sample was triggered at the time of resetting 
the sampler (usually low flow). After gainir.g some experience of 
flood durations in the tributaries, a 30 minute sampling interval 
was selected as the most appropriate for sampling IxDth the rising 
and falling stages of flood hydrographs (see section 5.2.1).
Some samples were collected manually as ’hand’ or ’dip’ 
samples. This is a simple method of sampling the water/sediment 
mixtiire in small streams in which the suspended sediment is well 
mixed throughout the vertical profile of the stream. The method 
involves inmersing a wide-necked plastic sample bottle (500 or 1000 
ml capacity) into the stream facing upstream and removing it as 
soon as it becomes full with the water/sediment mixture. Many of 
the streams in the Balquhidder catchments are only a few 
centimeters deep (all tributaries flow through road culverts in the 
forested catchment) and so this method of sampling seemed to be 
adequate.
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The suspended sediment content of water samples was 
determined gravimetrically by filtration through GF/C (1.2 pn) 
filters according to the standard method of the Department of 
Environment (1972) and the same method eis used by IH for 
determining suspended sediment concentrations for samples taken at 
the catchment outlets. An estimate of the accuracy of this method 
was obtained by weighing the same filter 20 times on different 
occasions. The calculated standard deviation was 0.51 mg and so 
the weighing siccuracy or standard error (S.E) determined:
S.E. = s/yiT = 0.12 mg
Any changes in filter weight which did not exceed this 0.12 mg 
error limit were not considered real and were therefore discarded.
3.2.4 Fine particulate organic matter
The fine’particulate organic matter (FFOM) content of the 
stream sediment load in this study refers to any organic material 
which is likely to be sampled by automatic liquid samplers. Thus, 
FPOM may consist of pine needles through fragments of leaves, 
grass, moss to single flakes of peat. FPOM entering mountain 
streams clearly has very different properties from the inorganic 
sediment previously discussed. When subjected to the same 
hydraulic conditions it may be transported in a completely 
different manner. Organic matter is usually buoyant (pine needles
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have a waxy cuticle for examp.le) and may float on the water surface 
and travel considerable distances before becoming waterlogged £uid 
sinking. The organic fraction of the stream load is of interest to 
stream ecologists and fish biologists (Egglishaw and Shackley 
1971). Smith (1980) suggests that decomposition of organic 
material in forested upland streams may be very slow due to low 
temperatures and shading. However, increases in the amount of 
organic material entering afforested streams (particulaurly at times 
of thinning and clearfelling) which is slowly decomposed by 
bacteria can result in a reduction in the dissolved oxygen content 
of the water (Hall £ind Lantz 1969) and clearly may have 
implications for fish and stream ecology in general.
In this study the FPOM content of the sediment was 
estimated by reheating the GF/C filters at 550° C in a furnace for 
15 minutes, cooling in a dessicator and reweighing. The orgainic matter 
content is taken eis that fraction burnt off and is estimated from the 
change in weight:
% Organic matter = 100 (Wi - W2 )
where, Wi is filter weight before burning,
W2 is filter weight after burning.
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3.2.5 Bedload
One of the simplest methods of measuring the sediment
output of a small stream is to trap the total sediment yield (e.g.
Hayward 1980). However, owing to the costly nature of installing
and manning sediment traps in remote areas, much of our knowledge
of sediment yields for the British uplainds has come from ad  hoc use
of data collected by protective traps installed by Water
Authorities upstream of stilling ponds, dredged channels or
hydro-power intakes such as on the Allt a ’Mhuillin on Ben Nevis
(Richards and McCaig 1985), the Lake District (operated by Clayton
re.s»-f\/o\n I A
1951, bedload yields reported by Newson and Leeks 1985) andy^the 
Ochil Hills (McManus and Duck 1985). In Japan, Mitzuyaraa and 
Watanabe (1981) used sabo dams and reservoirs to estimate bedload 
yields in mountainous watersheds. With the exception of the weir 
pools reported in section 3.1 no impoundments were available for 
ad  hoc use in tributaries and so simple check dams constructed from 
logs were used. A typical trap located on one of the larger 
moorland tributaries (M2) is seen in Plate 3.5. It is difficult to 
design a suitable trap because the design size required to contain 
the maximum sediment yield from a single flood event is not known. 
It is conceivable that a high proportion of the total annual yield 
could be delivered in just one storm event. Nevertheless, sediment 
traps constructed from logs were installed in tributary streams at 
suitable locations and lined with ’Netlon’. This is a pleistic 
netting used in gardening with a 2.8 iran mesh size. Sediment
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coarser than 2.8 mm was trapped with confidence and this was 
demonstrated in the laboratory by placing 2 mm and 2.8 mm sieved 
fractions on the netlon. Some of the 2 mm fraction fell through 
whereas all of the 2.8 mm fraction was retained.
The uncertainty about expected sediment yield per flood 
event affects the methods for detecting this value. The method 
used was to excavate all the sediment after each flood event where 
possible and in any case well before the trap filled up. The volume 
of sediment trapped was measured at the time of excavation by 
counting the number of 14 litre buckets. The excavated 
sediment was piled in a cone on a plsistic sheet on the bank 
downstream of the trap (see Plate 3.5) and from this cone a 
subsample of 5-10 kg was brought back to the laboratory" for 
analysis. Taking a bulk sample from a cone of sediment in this way 
ensures a more representative sample. After the sample had been 
taken the remainder of the cone of sediment wsis returned to the 
stream downstream of the sediment trap. In the laboratory samples 
were dried and their weight and volume measured and bulk density 
estimated. The samples were then sieved at half phi intervals and 
histograms and cumulative grainsize curves plotted using a FORTRAN 
computer routine. From these the proportion of trapped sediment 
finer than 2.8 mn (unknown trap efficiency) could be estimated and 
subtracted from the total mass of sediment trapped to leave bedload 
only.
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3.2.6 Coarse sediment storage and pebble tracing experiments 
As a result of the greater quantity of coarse organic 
material which enters stream channels in forested environments due 
either to forestry activities such e is  thinning or from natural decay 
and windthrow, streams flowing through forestry tend to become 
damned by trees and branches which fall into the channel seldcm 
travel more than a few meters before becoming jammed. Plate 3.6 
shows a typical Balquhidder tributary with small organic debris in 
the chaiinel. Plate 3.7 shows a larger organic debris jam on the 
Kirkton mainstream. The usual consequence is a build up of 
sediment behind this organic material which effectively becomes 
stored until the organic debris jam bursts. The length of time 
this takes will depend on the size and quality of the material 
causing the jam, its local position in the channel and the 
streamflow regime in terms of flood magnitude aind frequency.
Megahan (1982) finds that most debris jams in forested streams in 
central Idaho lasted about two years and that even log jams lost 
97% of their sediment store in six years whereas Swanson, Janda and 
Dunne (1982) report that mean residence times of sediment in 
Storage ((are of the order of decades and even centuries.
Nevertheless, organic debris jams will tend to increaise sediment 
stored in streams flowing through forested environments and produce 
a ’stepped’ stream profile, sometimes referred to as 'organic 




1978, Whittaker and Davies 1982). Just how effective such debris 
jams are at trapping cc«rse sediment moving down the streams is 
unclear - do they simply fill up 6ind then allow sediment to pass 
over on its course downstream? How much do they increase the 
sediment storage of a stream? Megahan (1982) working on forested 
streams in central Idaho finds that on average about 15 years of 
sediment yield is stored behind organic debris obstructions while 
Swanson et al. (1976) calculate that less them 5-10% of the 
sediment in storage is yielded annually. Clearly, moderate chemges 
in the stored volume can account for large changes in the year to 
year sediment yield even if supply from hillslopes is constant. 
Conversely, accelerated yields from hillslopes may not show up in 
the outlet yield for some time. This channel sediment store could 
therefore act as a buffer which regulates extremes of sediment 
movement.
In an attempt to answer these questions concerning coarse 
sediment movements, storage and residence times in forested and 
moorland channels, two independent painted pebble tracer 
experiments were conducted. The first was July-October 1985 where 
approximately 130 pebbles from six size classes in the gravel smd 
cobble size ranges (22 ram - >128 mm) were removed from the 
tributary beds of one moorland (Ml) and one forest (K8) tributary 
which had similar gradients and discharges. They were all painted 
yellow and colour coded according to size class sind then replaced
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into the same sites. The purpose of the experiment was to attempt 
to estimate average rates of movement eind potential for storeige of 
coarse sediment in the six most abundant size classes.
On the basis of the results of the first tracer experiment 
it was decided to conduct a second study, this time aimed as a more 
detailed investigation into coarse sediment routing. Again some 
150 pebbles distributed evenly through six size classes spanning 
the gravel-pebble-cobble size range were selected from one moorlgind 
tributary (Ml upstream of the site used in the previous experiment) 
and one forested tributary (K8), painted yellow and num'oered. The 
numbering meant that the progress of individual pebbles could be 
followed and related to streamflow characteristics and sediment 
stores. This second tracer experiment was conducted from September 
1986 until April 1987.
Tape and clinometer surveys of the long profiles of some 
tributaries were performed noting the locations and approximate 
sediment store sizes behind debris jams (by measuring the 
area of the sediment stores and estimating the depth range).
Debris Jain frequencies were also estimated from these surveys and 




Studies elsewhere have shown that channel banks can be a 
significant source o f sediment in the catchment system (e.^.
Coldwell 1957, Dietrich and Dunne 1978) and numerous previous 
studies (e.g. Wolman 1954, Cummins £ind Potter 1972, Hill 1973,
Lewin and Brindle 1977, McGreal and Gardiner 1977, Hooke 1979,Hoofee 
1980, Murgatroyd and Tumsin 1983 and Lawler 1986) have successfullj 
employed erosion pins to measure channel bank erosion. In this 
study erosion pins were installed in the tiainstream channel banks 
in both catchments with the aims of measuring bank erosion rates 
and most importantly, estimating the contribution of channel bank 
sediment to the overall sediment budget. This involved estimating 
both the area of channel bank undergoing erosion and the average 
bulk density of bank sediment in order to estimate the quantity of 
sediment removed. Erosion pins used for tJiis purpose are seen 
installed in a typical banli in Plate 3.8 and were made from 5 mm 
galvanized fencing wire and differ from the traditional nail and 
washer’ tj'pe proposed by Leopold, Emmett and Myrick (1966) and used 
elsewhere (e.g. Lewin, Cryer and Grimshaw 1974, Harvey 1974). The 
fencing wire was cut into 30 - 50 cm lengths, bent at right angles 
at one end and pointed at the other. This design could be produced 
in large numlsers cheaply and was installed in streambanlts by
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Plate 3.8 Measuring erosion pins in a Monachyle mainstream banli. The
pins are arranged in a vertical line with 10 cm spacing and 
were spaced at 50 m interval along the entire mainstream in 
each catchment.
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pushing it in perpendicular to the eroding surface thereby causing 
less disturbance to the bank material than by hammering in larger 
metal pins. Haigh (1977) and Lawler (1978) have adequately 
discussed the problems and errors associated with the use of 
erosion pins euid suggest cautionary notes for their use in 
measuring bank erosion rates. In this study a large number of pins 
uere installed to attempt to sample the spatial variability of 
erosion rather than to gain a detailed insight into temporal 
variations as studied elsewhere (e.g. Hooke 1980, Lawler 1986).
A systematic sampling design w b s  chosen in an attempt to 
obtain adequate spatial representation of erosion along the entire 
length of the mainstream channel banks (5 km in the moorland stream 
and 2.2 km in the forest). Pins were installed in verticals 
approximately 50 m apart on the bank which showed most evidence of 
erosion or potential for erosion (e.g. on the outside of a meander 
bend rather than inside). At each site pins were installed in the 
bank at 10 cm intervals starting from the top of the bank so that 
'-ariable numbers of pins were used in each vertical according to 
the height of the bank. The verticals allowed differences in 
erosion rates at the top and bottom of the banlts to be detected.
The protrusion of the pins was measured at the time of setting 
(September 1984) and at 3 monthly intervals for two years (9 
surveys in all).
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3.3.2 Mainstream scour and fill
Twenty seven channel cross sections were levelled auid 
resurv’eyed on six occasions over the 30 month period October 1984 - 
April 1987. Twenty three of these were in the meandering alluvial 
lower section of the Monachyle mainstream and their locations are 
marked on the plan of the lower Monachyle mainstream Figure 3.4. 
Four other cross sections were levelled and resurveyed in a braided 
gravelly reach of the Kirkton mainstream which was easily 
accessible and not planted with too many trees so as to make 
surveying difficult. For the purpose of estijnating any scour or 
fill of coarse sediment across the sections only levelling within 
the gravel bed of the channel was considered. All height 
measurements were reaid to the nearest centimetre and corrected to a 
fixed baseline and then the data was run through a simple FORTRAN 
computer program which calculated the area under the fixed baseline 
for each cross section over each survey period. Increases in area 
corresponded to net scour .̂-hereas decreases meant net deposition. 
Changes in mean bed elevation (mm) were then calculated as,
100.(change in area (m*) / channel bed width (m)).
In order to gain some idea of the errors involved in this 
method of detecting changes in mean bed elevation a single typical 
cross section (16 m wide) was relevelled at one metre intervals
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Figvjre 3.4: Plan of the lower Moriachyle mainstrean showing the locations 
of cross se<:;tions whicf» were resurveyed.
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eight times on the same occasion by tvo different staffmen. From 
this exercise the standard devjiatiaî  (s) of one mean bed height was 
found to be 0.0083 m. Thus,^(s«X°r a change in mean bed height (2 
surveys) is 0.0083 - - 0.0117 m (or ~ 12 mm).
A simple test of how the levelling interval (normally 0.5 - 
1.0 m) affected the area calculation was performed on a fictitious 
cross section by calculating the area on four occasions inputting 
height readings at 0.5, 1.0, 2.0 and finally 3.0 m intervals to the 
area calculation program. The results showed that the four areas 
calculated using the four different input intei'vals varied by only 
0.3 %. It is concluded that recording height readings at between 
0.5 and 3.0 m intervals would not significantly affect the 
calculation of cross section area below a fixed baseline. In 
practice the sections were levelled at varying intervals between 
0.1 and 3.0 m depending on the nature of the bed.
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3.4 Hillslopes
The moorland catchment has a vegetation cover of heather, 
grasses, bracken and mosses. The upper part of the forested 
catchment is similar, and the forest floor is well covered by- 
conifer needles or, in clearings, grasses and mosses. Sediment 
transport by overland flow is thought to be negligible and no 
attempt was made to measure it. Vegetated scars of old landslides 
were apparent in both catchments at the start of the study, and 
following i.ntense rainfall in mid-September 1985 material from a 
slope failui’e travelled some 500 m down one side of the moorland 
catchment into the mainstream where a cone of coarse sediment was 
deposited. The approximate volume of this cone was measured and a bulk 
sample taken to estimate its bulk density and grainsize 
distribution. Plate 3.9 (a) shows the slope failure scar and 3.9 
(b) shows the cone of coarse sediment which accumulated where the 
tributary gully entered the mainstream.
Soil creep is a well documented geomorphic process. Bowen 
et al. (1978) report annual rates for creep ranging from between 9 
mm on bare slopes to less than 1 mm on grassed ones. No mention of 
the effect of slope is made here but logically creep rates will be 
higher on steeper slopes. However, in this studj' it is presumed 
that sediment removed by bank erosion is replenished by hi11slope 
creep processes. Perhaps bank erosion may then be an indicator of 
t̂ he rate of soil creep. Although bank erosion rate in the
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Plate 3.9 (a) Scar left from slope failure in Monachyle. The view is
downslope and the Monachyle mainstrean can be seen some 500 
m below (top left). An estimated 65 t of material was 
remov’ed from this scar on the 17 September 1985 during 
¡)rolonged rainfall at the end of an exceptionally wet
Plate 3.9 (b) Cone of sediment containing an estimal.ed 14 t of coarse 
sediment depositcfl in the mainstreajn which took about 18 
months to Ije removed.


(m3 s-‘) estimated from the stage at the time of sampling. All 
data was logarithmically transformed and suspended sediment rating 
curves produced. The first estimate of annual sediment yield was 
made by dividing the data set according to seEison (as described in 
section 3.1.2) and applying the seasonal ratings to the appropriate 
portion of the flow duration record. The second estimate was made 
by combining a single rating curve for all data with the flow 
duration records. The rating equations used are presented in 
Table 4.2. The loads estimated by this method were then corrected 
for logarithmic detransformation bias (Ferguson 1986). The 
estimated seasonal and total loads and average Phase I yields of 
suspended sediment from the two catchments are given in Table 4.3, 
with and without correction for logarithmic detransformation bias 
in the rating curves.
Clearly most suspended sediment is yielded in autumn with 
summer surprisingly showing the next highest yields with spring and 
winter having the lowest yields. It must be b o m  in mind that 
spring, for the purposes of these estimates, is only April and half 
of May, whereas the other seasons are at least three-months.
Autumn is four months (see section 3.1,2). Rating cui-̂ -eŝ ’̂ W  
individual seasons and for w+ien the seasons are pooled, as in 
Figure 4.1, the steeper trend and smaller scatter in the Kirkton 
rating indicate a more sensitive link between streamflow and 
suspended sediment loaul. This can be explained by a greater 
availability of sediment within the plantation forest. This would 
confirm the Plynlimon findings (see Table 1.1) and those of the




Figure 4.1: Log-log suspended sediment vs. discharge rating curves for 
Phase I Balqiiliidder catchment outputs with data envelopes.
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fine sediment in forest ditches and organic debris jams is flushed 
out by high flows so that there is less scatter in the relationship 
between load and flow and a steeper growth of loeid with rising flow 
tĥ ln in the moorland catchment where there are fewer obvious 
sources of fine sediment.
The totals are equivalent to uncorrected sediment yields 
of 18 t km-*yr-i from the moorland catchment and 2f> t km-*yr-i from 
the forest catchment, or corrected yields (corrected according to 
Ferguson 1986) of 38 and 54 t respectively.
4.1.2 Bedload.
Bedload transport past the weirs was sampled using the 
modified Helley-Smith bedload sampler described in section 3.1.3. 
Samples were dried and weighed and a discharge value assigned.
Data were logarithmically transformed as for the suspended sediment 
and since there were not as many samples as for suspended sediment 
(about 150 in all) a single bedload rating curve was developed for 
each year and was applied to the annual flow duration record. The 
estimates were again corrected for logarithmic detransformation 
bias according to Ferguson (1986) and the estimates for each year 
(1983-5) and the Phase I average loads and yields are presented in 
Table 4.4. The corrected estimates of total 1982-5 outputs are
2.5 tonnes for the Monachyle catchment and 10.8 tonnes for Kirkton, 
corresponding to yields of 0.3 and 1.6 t lon-^yr-i when corrected 
for detransformation bias. These totals are consistent with 
observations of infill of the gauging station weir pools. The 
forested catchment appears to have a much larger yield of bedload, 




4.2 Preliminary effects of disturbance
At the time of writing only a preliminary analysis of the 
post-disturbance suspended sediment output data collected by IH cam 
be presented. Data collection and analysis aure still being 
undertaken by IH catchment resident observer Mr. Dick Johnson v4io 
is currently preparing an M.Sc thesis concerned with the catchment 
sediment outputs throughout the whole of the experimental period 
and this thesis will be presented to the Department of 
Environmental Science, University of Stirling in the future.
Clearly, this will be based on more data than aue available at 
present and should contain a far more comprehensive analysis than 
is possible at the time of writing. However, some preliminary 
analysis has been carried out by the author on the data supplied by 
Mr. Johnson at this early stage.
No bedload data are available for Phase II (1986 onwards) 
but since the Phase I results show that bedload only accounts for 
less than 3% of the total catchment sediment output any changes in 
bedload yields resulting from the land use chauiges are not likely to 
have a drastic effect on the overall sediment yield. It is the 
suspended p>art of the load which is clearly more important.
^•2.1 Ploxjghing and ditching in Monachvle
Ploughing in the Monachyle catchment took place in March - 
May 1986 and was followed by drainage ditching in June and July of 
fhat year (see section 2.5.1). At this stage it is useful where 
pi’esenting results to include the Phase I results alongside for 
Immediate comparison.
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The maximum ssunpled suspended sediment concentration in 
Phase II so far is double that sampled in Phsise I. Figures 4.2 (a) 
and (b) are rating plots of concentration (mg ll vs. discharge 
(m^s-i) for the pre- and post-disturbance periods respectively.
The Phase II rating curve is parallel to the Phase I rating but 
higher up the concentration axis. Statistical tests on the slopes 
of the curves showed that they were not significantly different at 
the 0.05 probability level whereas tests on the intercepts
showed that they were significantly different at the 0.05 
probability level, i.e. there is less than a 5% chance that the 
slopes of the rating curves are different and less than a 5% 
probability that the upward shift in the rating could occur by 
chance. Thus, there hats been a real parallel shift upwards.
Unfortunately the continuous streamflow data for 1986 were 
not checked for either catchment at the time of wTiting and so 
actual 1986 sediment loads can not be calculated. However, in the 
absence of the 1986 streamflow it is possible to get an 
approximate idea of how the new Phase II rating curve translates 
into total catchment suspended sediment yield by applying both 
rating curves to the 1984 and 1985 continuous streamflow records 
for comparison. The results of applying a single rating curve to 
the 1984 and 1985 flow duration records are presented in Table 4.5 
where they are referred to as 'Phase II equivalents'. Both raw and 
corrected estimates are given with figures corrected for 
logarithmic detransformation bias shown in brackets. From tables 
pr'xiuced by Ferguson (1987) based on sample size, scatter and slope 
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F.gur. 4.2: Monachyle catctent ô t̂put log-lo8 aus^nd^edlment vs.
rating Curves
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loads calculated from these rating curves should be prone to errors 
of no more than +/- 20% of the true load in both the pre and 
post-disturbance phases.
Table 4.5: Suspended sediment load and yield estimates for
Monachyle catchment before (1982-5) amd after (1986-7) 
ploughing and ditching of the catcnment. All bracketed 
figures are corrected for logarithmic detransformation 
bias (Fergiison 1986). Phase II estimates are for the 
single rating curve applied to the Phase I flow 
duration records and are referred to as ’equivalent 
loads’, corrected in the usual way.
Yeau' Phase I (1982-5) 
aictuail loads
t t km*
Phase II (1986-7) 
equivad.ent loads
t t km*
1983 134 (284) 17 (36) 728 (1497) 95 (194)
1984 132 (279) 17 (36) 717 (1475) 93 fl92)
1985 147 (311) 19 (40) 798 (1641) 104 (213)
Average 138 (293) 18 (38) 748 (982) 97 (200)
It appeairs that the ploughing aind draining operations 
carried out in 1986 have caused suspended sediment outputs to 
increase by a factor of 3.4 i.e ploughing and ditching seem to have 
caused a trebling of suspended sediment output. This type of 
increase seems to be consistent with the findings of other British 
".tudies (e.g. Francis 1987, Robinson 1978 and Burt et al. 1984). 
"able 1.1 in Chapter 1 summarised these findings.
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4.2.2 Clearfelling in Kirkton glen
Clearfelliiig in the Kirkton glen catchment began in January 
1986 on the west side. Some 30-40% of the forest, all on the 
west side of the catchment (see Figure 2.5) had been felled by the 
end of the study period in May 1987. The clearfelling has been 
accompanied by extensive road regrading, local road straightening 
eind repairs and construction of timber stacking areas (see section 
2.5.2).
The highest sampled suspended sediment concentration in 
Phase II so far is almost £in order of magnitude higher than in 
Phase I. Figures 4.3 (a) and (b) are the logaritlimically 
transformed concentration vs. discharge rating plots for Phase I 
and Phase II. The Phase II curve again shows an upwards shift, but 
this time not a parallel one as in the case of the moorland. 
Statistical testing showed that the slopes and intercepts 
of the rating curves are significantly different at the 5% level 
confirming that there has been a real upward and wn parallel shift 
in the rating. When the ratings are applied to the 1983-5 
streamflow record the estimated catchment suspended sediment yields 
are shown in Table 4.6. As for the Moneuchyle yields, estimates for 
the kind of errors to expect are obtained from Ferguson’s (1987) 
tables as reported for the moorland rating curve estimates. Again, 
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Figure 4.3: Kirkton catchuiient output log-log suspended sediment vs. 
discliarge rating plots, (a) Phase I, (b) Phase II 
(preliminary). l«ast squares fitted rating curves are drawn 
in with the rating equation. Institute of Hydrology data.
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Table 4.6: Suspended sediment load and yield estimates for Kirkton 
catchment before (1982-5) and after (1986-7) the start 
of clearfelling and asscxDiated activities. Figures in 
brackets are corrected for logarithmic detransformation 
bias (Ferguson 1986) and Phase II loads are estimated 
by applying the single rating ciirve seen in 4.3 to the 
Phase I flow duration record, corrected in the usual 
way.
Year Phase I (1982-5) 
actual loads
Phase II (1986-7) 
equivalent loads
t t Ion* t t km*
1983 197 (382) 29 (56) 838 (2366) 122 (345)
1984 163 (316) 24 (46) 833 (2352) 122 (343)
1985 206 (400) 30 (58) 957 (2702) 140 (394)
Average 187 (366) 28 (54) 376 (2473) 128 (361)
These preliminEiry yields of suspended sediment appear to 
show a dramatic increase by a factor of 6.7 in the Phase II period 
so far. Although these figures are preliminary they nevertheless 
form some of the first British data on the effects of clearfelling 
operations.
However, owing to the recent aquisition of the Phase II 
data by the author it has only been possible to make first 
approximations of the suspended sediment yield increases for 
the first part of Phase II. More work needs to be done by way of 
sub-dividing the ratings for season at least, and perhaps even into
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smaller time periods since it is to be expected that the rating 
relationship is and has been changing constantly since the start of 
the forestry ’disturbance’ operations. This sub-division of the 
data should help to reduce the scatter about any one rating 
relationship (currently se= 0.63 and 0.52 in Kirkton and Monachyle 
respectively ! ). One danger inherent in using a single 
rating relationship as done here is that if, for example, some 
particularly high sediment concentrations are sampled either during 
or soon after a particular disturbance operation such as ditching, 
but that concentrations at that particular discharge are never as 
high Eigain, then it is conceivable that an ’artificially’ upiward 
shifted rating curv'e dominated by the early high concentrations is 
applied to the whole year, instead of just a few weeks pierhaps, of 
the flow duration record. Without a detailed analj’sis of the 
times of sampling (with respect to such factors as the timing of 
the disturbance opjerations) which was not p»ssible at the time of 
writing, it will not be possible to detect this typje of effect.
^'e^■ertheless, what is clear even at this early stage, is 
that there have been considerable increases in the production of 
fine sediment from both catchments in the first x»rt of the 
post-disturbance phase of the experiment. Howev'er, it must be 
stressed again that the Phase II yield estimates are strictly 
provisional at the time of writing and are not likely to be as 
reliable as the Phase I estimates for the reasons given above. 
Therefore, any quotations or use of these figures outside of this 
thesis should qualify this uncertainty beforehand, at least until 
more data haiubeen collected and further analysis has been carried
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out.
4.3 Results of Monachyle delta investigation
The objective of this particular psirt of the reseeu'ch was 
to use a completely different approach to attempt to produce a 
second, independent estimate of the sediment yield of Monachyle 
glen by carrying out an analysis of a laicustrine delta. The degree 
to which this was successful is described.
Figure 3.3 shows the locations of the 30 m seismic 
traverses performed and the estimated depth to the first 
discontinuity at each end of the traverse is given in Table 4.7.
In a number of cases the velocity of the lowest (third) layer 
indicated that it was bedrock. The mean depth of sediment 
estimated by this method was found to be 2.2 m.
The total catchment area draining to the delta is 17.2 Inn̂  
(digitised from 1:50 000 O.S sheet 57). The upper 7.7 km^ of this 
has an estimated present suspended sediment yield of 38 t Inn-* 
and bedload yield of 0.3 t km-* yr-i. Making the assumption that 
this yield applies to the whole catchment and also that the 
contemporary sediment yield has operated since the termination of 
the Loch Lomond stadial of the last glaciation ( '" 10* years ago) 
it is possible to msilfe an estimate of the mass of sediment which 
would be deposited in Lochs Voil and Doine and the delta assuming a 
100% trap efficiency (not unreasonable since the loch outlet is 6 
Inn from the delta):
Total sediment output = catchment area x measured sediment yield x
number of years accumulation
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= 17 X 38 X 10«
' 7 X 10«t
From the seismic refraction work a discontinuity between 
layers of sediment was detected at depths ranging from 0.8 to 2.9 m 
wi th a mean depth of 2.2 m (n=40, s.e=0.1), see Figure 3.3 and 
Table 4.7. Without the availability of augering equipment to take 
sediment cores we assume that this discontinuity represents a 
boundary between glacially deposited till and fluvially deposited 
sediments from Monachyle glen as suggested by the v'elocities 
measured by seismic refraction. The possibility of this 
discontinuity being the water table was discarded since the 
difference between the height of the loch surface and the delta 
surface is less than 2.2 m. The surface area of the delta 
estimated from the 1: 10 560 scale O.S map (surveyed in 1863, 
second edition 1901) is 85 400 m*. Assuming that the average depth 
of fluvdally deposited sediment is 2.2 m over the whole delta then 
the volume is the product of the area and average depth. The 
average bulk density of sediment accumulating in bedload traps in 
the upper part of the Monachyle catchment has been estimated as 
1.37 t m-3. However, it is reasonable to suppose that sediment 
accumulating in a delta such as this will become compacted over
* ime and therefore have a higher average built density. Reid and 
Frostick (1986) use aua average bulk density of 1.6 t m-^ for 
^similar deltaic calculations on a delta in northern Ken>"a. This
• alue seems more reasonable and so using this estimated density a
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crvide estimate of the sediment mass can be made:
Mass of sediment on delta surface = area x depth x density
= 85 400 X  2.2 X  1.6 
' 0.30 X  10*t
This represents a sediment yield of almost 2 t km** yr** from the 
whole of Monachyle glen averaged since the leist ice retreat ('lO^ 
years) and therefore only accounts for about 5% of the contemporary 
sediment yield. This represents approximately 460 years of 
sediment accumulation at the present rate of production of sediment 
from the gauged catchment in the upper part of the glen.
If alternatively we assume that the whole of the delta is 
composed of sediment derived from Monachyle glen since the last ice 
retreat, a simple calculation of the whole delta volume can be 
made: the maximum depth of lochs Voil and Doine as surveyed by 
Murray and Pulleir (1910) near the delta is 15 m (converted from 
feet). A method of predicting delta profiles has been derived 
(Matj-as 1984), but for the purposes of a first approximation a 
slope angle of 30® is assumed from the surface of the delta to the 
deepest point in the loch either side. In this way the volume of 
the delta cone was estimated as 1.29 x 10« m* idiich represents 2.06 
X 10« t of sediment (using an average sediment density of 1.6 t m** 
as before). This corresponds to a sediment yield of about 12 t 
km-2 yr*‘ when averaged over the last 10« years or about 30% of the 
present sediment yield and would represent around 3000 years 
cumulation at the present rate of sediment production from the
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catchment in the upper part of the glen.
These estimates are very approximate indeed but 
nevertheless it seems that meaisured contemporary sediment yields in 
the upper part of .Monachyle glen do not match estimated yields 
reconstructed from sediment deposited in the delta downstream.
There are two possible explanations, first, more than 97% of the 
contemporary sediment yield is suspended sediment as reported in 
sections 4.1 Eind 4.2 and by Stott et al. (1986) - it is probable 
that only the coarser fraction of this is actually deposited on the 
delta, the remainder travelling in suspension to more distant parts 
of the loch before becoming deposited or possibly even leaving the 
loch as part of the sediment load of the outflowing river Balv'aag 
at the east end of the loch. Two bulk samples taken with a trowel 
from the banks of the stream flowing across the delta (at points 
’a ’ and ’b ’ on Figure 3.3) had median grainsizes of 0.125 and 0.18 
mm and two samples from the delta surface at points ’c ’ and ’d ’ 
(Figure 3.3) using a standard soil auger (depth 30 cm) both had a 
median grainsize of 0.125 mm. The fine nature of these samples 
will to some extent reflect the sampling methods, but nevertheless 
do indicate that the surface layers of this delta are composed of 
quite fine fluvially deposited sediments which have been brought 
down Monachyle glen in suspension and deposited more recently in 
the form of overbanlt sedimentation.
A second, but less likely explanation for the mis-match of 
present sediment yield with delta accumulation is that contemporary 
sediment yields are lower than in the past and so the delta 
■epresents sediment deposited in a time of higher sediment yields.
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There is no onshore evidence for the delta aggrading at present, 
its area not having charged significantly since the 1863 Ordnance 
survey. However, evidence from elseviiere (e.g. Battarbee et al.
(1985) study of loch sediments) indicate that contemporary sediment 
yields are higher than in the past.
More work in the form of augering to depths of at least 3 m 
is required if the nature and composition of the sediments in this 
delta are to be related to the sediment yield from Monachyle glen. 
Offshore work using echo sounding to investigate the delta profile, 
possibly combined with some loch bed coring could prove worthwhile. 
In the past five years the Monachyle glen hais undergone progressive 
ploughing and drainage ditching in preparation for afforestation, 
the last phase of this being a subject of this thesis. It appears 
that this ground preparation is associated with at least 
temporarily increased sediment yields. Future work coring the loch 
sediments at the mouth of the Monachyle mainstream could reveal 
layers of sediments corresponding to the ploughing phaises 
(Battarbee et al. 1985, Duck 1985). However, this tj'pe of work 
lies outside the scope of this thesis which aims primarily to 
investigate sediment sources.
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CHAPTER 5: SEDIMENT SOURCES - TRIBUTARIES 
5.1 Discharge estimation
Intensive suspended sediment sampling was conducted in 
three tributaries - one in the moorland catchment (Ml), and two in 
the forested catchment (K4 and K8). At the start of the study 
period no tributary streamflow recording devices were available. 
Instead stage boairds graduated in mm were installed in the 
tributaries and stage/discharge relationships were derived for each 
tributarj’' by the method of salt dilution gauging described in 
Appendix I. Water level at the main weirs was noted at tlie time 
the dilution gauging was performed and this was converted to 
discharge using the rating relationships below:
logioKWQ = -3.8481 + 1.7214.logioKWstage (r^ = 0.996)
, (CWi3 -
LogioiMWQ = 2.3330 + 0.6334.logloiMWstage (r^ z 1.000)
Thus, relationships between tributary discharge and 
mainstream discharge could later be derived. Institute of 
Hydrology 15 minute streamflow records for both catchment outlets 
were available on computer disk on the IBM Wallingford Oracle 
system. The discharge data for 1983-1985 were transferred to the 
VAXA mainframe computer at Stirling University via the JANET 
network. Synthetic tributary streamflow series were then 
reconstructed in the MINITAB statistical package using the 




IH streamflow records for 1986 were unfortunately not 
available at the time of writing. Thus, for the first part of the 
year up to 7 May (when the Ml pressure transducer was installed),
IH streamflow charts were digitised at one hour time intervals 
using a Hipad digitising pad linked to an Apple lie micro-computer. 
The coordinates were then then transferred to the University VAXA 
mainframe computer using a treinsfer package called KEES^IT and then 
read into MINITAB files for the subsequent analysis. Synthetic 
streamflow series were reconstructed for Ml and K4 using equations 
(i) , (iii) and (iv) for tributsiries Ml, K4 and K8 respectively. 
From 7 May the Ml streamflow variation was recorded by a pressure 
transducer, the method by which the data wfa collected in the field 
and later transferred via a BBC micro-computer to the University' 
V'AXA mainframe computer was described in section 3.2.1. A second 
pressure transducer water level recorder sy'stem became available 
and was installed in K4 on 1 September 1986. Thus, for the period 
7 May - 1 September the K4 and K8 streamflow series were estimated 
from the Ml pressure transducer record using equations (ii), (v) 
and (iii) for K4 and (ii), (v) Eind (iv) for K8. The K8 record was 
estimated in this way until the end of the study'. This was thought 
fo be more reliable and much less time consuming than digitising 
the charts. From 1 September to the end of the study K4 records 
were maintained by the pressure transducer.
For the latter part of the study period when the pressure 
transducers were installed in Ml and K4 the rating equations below 
(all statistically significant at the 1% level) were fitted to
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Figure 5.2: Flow duration curves for tributaries Ml, K4 and K8.
Maximum eind minimum gauged discharges and the mean 
annual discharge (Qmcan) are indicated next to the 




Suspended sediment is defined as that portion of
the sediment load of a stream i4iich is carried in suspension, i.e. 
not in contact with the stream bed. For this reason it is the 
’fine’ fraction of the sediment load. However, it is well 
documented that suspended sediment concentration in a uniformly 
flowing stream increases towards the bed (e.g. Colby 1963) euid that 
the size of the particles carried in suspension also increase 
towards the bed. It is in the zone close to the bed that it 
becomes difficult to distinguish between sediment in suspension and 
bedload. The size of the particles which can be carried in 
suspension will vary depending on their shape, density and surface 
characteristics as well as on localised streamflow characteristics 
such as turbulence, eddying and bedform. In the light of the 
difficulty of rigidly defining the boundary between suspended 
sediment and bedload it was decided to choose an arbitrary boundary 
of 2.8 mm. This was convenient in this study since it corresponded 
approximately to the mesh size of the netting used to line the 
tributary bedload traps (see section 3.2.5) sind also to the 
diameter of the inlet holes on the automatic liquid sampler intake 
pipes by which the majority of suspended sediment sampling was 
carried out (see Table 3.1)
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5.2.1 Suspended sediment dynamics
The concentration of suspended sediment in a stream is 
highly variable in space amd over time, particularly during periods 
of storm runoff. Much work has been dedicated to understanding the 
factors which control the measured vsu'iations in suspended 
sediment. The first and most obvious control seems to be stream 
discharge - increasing streamflow usually increases sediment 
concentrations. This fact has led to the extensive use of sediment 
rating curves to predict sediment concentrations in streams. 
However, the sediment concentration associated with a given flow 
will commonly vary by several orders of magnitude (Walling and Webb 
1982). Several workers have isolated a seasonal effect whereby 
sediment concentrations are higher or lower during a j>articular 
season (e.g. Guy 1964, Hall 1967, Temple and Sundborg 1972, Walling 
1974, Faustian and Beschta 1979 and Beschta 1981 ). A second 
factor, that of hydrograph'slope or rate of rise in streamflow also 
has an importeint effect, sediment concentrations typically being 
higher on the rising limb of the hj’drograph sind lower on the 
falling limb. This phenomenon known as hysteresis operates both 
during individual events (e.g. Amborg et al. 1967, Walling 1974, 
Wood 1977, Bogen 1980, Beschta 1981), during a sequence of events 
(e.g. Negev 1969, Walling 1974, Wood 1977, Beschta 1981) and even 
at a seasonal timescale (e.g. Ferguson 1984) and has been 
attributed to temporal variations in sediment availability.
Sediment readily available for transport can be removed from its 
‘source areas early in a storm or season and the supply therefore 
•ecomes exhausted in the latter pjart of the storm, storm sequence
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or year. Lower sediment concentrations have been mesisured on the 
falling limb of the hydrografrfi or after a frosty or rainy season. 
Klein <1984) has reported anticlockwise hysteresis effects for 
suspended sediment also. Walling and Webb (1982) propose a simple 
mixing model wherein suspended sediment generation is essentially 
limited to storm events and in a situation v^ere sheet or rill 
erosion is the dominaint source, sediment will be trsuisported to the 
stream by surface runoff. Suspended sediment concentrations would 
then reflect the mixing of sediment-laden storm runoff with the 
prevailing baseflow. Wood (1977) reports sediment concentrations 
for a given discharge becoming progressively reduced when storm 
events occur in rapid succession and Beschta (1981) relates the storm 
sequence to the "memory" of the system, Clearly since storm 
sequences vary throughout the year a seasonal effect on sediment 
concentrations operates which is explained in terms of Walling and 
Webb’s mixing model by storm runoff being diluted in a greater 
volume of baseflow during successive and multiple events such as 
may occur during a typical British autumn for example.
Figure 5.3 shows typical patterns of suspended sediment 
variation through selected floods sampled in three Balquhidder 
tributaries. Positive or cloclcwise hysteresis is apparent in each 
of the three tributaries. For example, in tributary K4 (Figure 5.3) 
the floods of 14 and 28.10.86 show positiv'e hysteresis, on 
05.07.85 and 04.11.86 in K8 (Figure 5.3) and on 15.05.86 in Ml 
(Figure 5.3 ) this phenomenon is appairent. However, other
floods plotted show large variations in suspended sediment 
'■oncentrations through the sampling period Eind little or no obvious
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pattern ( e . g . flood of 20.03.86 in K8 and on 05.06.86 in Ml). The 
early part of the sampling in floods on 04.11.86 in K4 and on 
20.03.86 in K8 indicate that exhaustion is beginning to take place 
right at the start of the sampling period since concentration 
starts high and then decreases. This could indicate that the start 
of the flood had been missed since all sampling through flood 
events was triggered automatically by electronic float switches.
If the float switch had been set too high for example (very likely 
if the stage was high at the time of setting), then an initial 
pulse of sediment may in some cases pEiss the sampler before the 
float switch was triggered. Several other problems are associated 
with this type of automatic sampling, not least, is the sampling 
interval chosen. Flood events in these steep mountain streams tend 
to be flashy and short-lived. Experience showed that topically 
single events in tributaries could last from as little as four 
hours to as long as 12 hours, with multiple events lasting even 
longer. On this basis it was decided to select a 30 minute 
sampling interval which it was hoped would sample the full range of 
discharges through flood events (12 hours of sampling). However, 
this was a compromise since although a much shorter sampling 
interval would have given a better insight into suspended sediment 
dynamics and patterns, only 24 samples could be taken automatically 
during one event. A shorter sampling interval of less than 10 
minutes, for example, may well have finished sampling before the 
flood had peaked. Since hjateresis and exhaustion effects appear 
to be operating, sampling on the rising limb of the hydrograph only 
-ould clearly result in rating curves and subsequent load estimates
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being biased upwards. Sampling on the falling limb of hydrographs 
was therefore necessary and the 30 minute sampling interval was 
chosen to aichieve this.
From a total of 38 flood events, 17 in the moorland stream 
(Ml) and 21 from the two forested streams (K4 and K8), four types 
of pattern were selected. Table 5.3 summ£u:ises the patterns 
observed and the proportion of floods in which they occurred. There 
appears to be little difference between the patterns observed in 
streams under different land uses except that in one case a 
negative linear relationship occurred in a flood in the moorland 
stream which probably indicates an exhaustion effect due to a greater 
sediment supply limitation. Otherwise all streams are similar with 
’no pattern detected’ and positive hysteresis being the dominant 
effects with the linear relationship (as used in the rating cui"»e 
model to estimate sediment loads) detected in only one of the 38 
floods. It is therefore no surprise that the rating curv’es 
presented in the next section and previously (sections 4.1 and 4.2) 
exhibit scatter.
Summary data for all suspended sediment sampling in each of 
the three streams Ml, K4 and K8 are presented in Tabler5.4, 5.5 and 
5.6. Mean suspended sediment concentration for each flood sampled 
is plotted against the mean of the sampled discharges in Figure 5.4 
for each of the three tributaries (note that dates indicated by a 
in the tables were not sampled during flood events and are not 
plotted in Figure 5.4). The points on the graph are assigned 
different symbols according to whether they are floods before (open 
trisingles) or after (solid triangles) disturbance i.e. stacking
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Table 5.4: Mean suspended sediment concentration and discharge summary 
data for moorland tributary Ml. (C = siispended sediment 
concentration (mg 1-1), Q = discharge (1 s**) and ‘ = not 
sampled during flood events).
Event Sampling date n Cmean C)nax Cmin Qnean Qmax ^ i n
Number (Samples collected)
30.05.85 - 05.06.85» 14 30.2 65.1 3.0 4.7 7.9 3.2
14.06.85 - 20.06.85* 20 15.6 48.3 4.8 4.1 6.5 3.2
1 17.07.85 22 13.3 43.1 4.6 49.6 62.9 25.6
2 08.08.85 21 15.6 63.8 1.0 45.1 82.3 9.7
3 12.09.85 17 49.9 321.3 11.2 47.2 67.2 26.6
4 06.11.85 22 21.3 45.9 10.1 85.5 120.5 38.4
5 22.03.86 23 25.5 102.3 9.2 58.9 75.6 38.0
Phase I Total/mean 139 23.4 321.3 1.0
P L 0 U G H I N G
30.04.06 - 01.05.86* 23 43.8 110.5 10.4 59.4 104.1 31.6
6 07.05.86 23 10.1 23.7 3.4 107.1 113.0 82.0
1 15.05.86 23 14.6 39.0 3.1 79.0 118.2 22.8
8 21.05.86 23 4.6 20.8 0.5 49.6 69.1 13.1
9 22.05.86 22 8.8 25.4 2.8 42.9 66.6 11.8
10 05.06.86 16 8.7 39.6 3.1 8.2 10.1 4.8
11 19.06.86 22 8.9 21.5 3.5 44.6 73.3 25.0
D I T C H I N G
12 29.07.86 21 6.0 31.9 0.3 33.0 56.8 2.9
13 30.08.86 23 8.6 81.1 1.1 33.1 62.9 4.4
14 02 09.86 10 7.3 12.7 3.5 7.2 8.7 4.0
15 28.09.86 20 16.9 57.9 4.9 26.4 41.3 2.2
16 07.10.86 15 1.8 4.0 0.5 6.9 8.7 3.7
17 21.10.86 24 3.3 10.4 0.7 24.2 35.2 16.9
18 28.10.86 22 3.1 5.9 0.6 28.0 46.3 16.0
19 04.11.86 24 8.0 25.2 4.1 40.1 53.0 16.9
20 18.11.86 24 10.7 26.1 3.8 33.3 46.2 16.9
21 26.11.86 24 10.2 30.0 2.4 41.5 53.0 13.7
22 09.12.86 15 8.8 21.8 3.5 64.9 115.1 31.3
23 08.05.87 16 11.4 37.4 1.6 6.0 11.4 2.0
Phase II Total/meein 366 8.5 81.1 0.3
I'pper Ml (control upstream of drainage ditch)
29.07.86 20 17.2 54.0 4.1 38.5 56.8 12.1
30.08.86 23 9.2 38.8 2.2 36.0 65.0 4.4
02.09.86 9 39.9 88.0 13.7 7.3 8.7 4.0
Total/mean 51 17.6 88.0 2.2
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Table 5.5; Mean suspended sediment concentration vs. discharge summary 
data for forest tributary K4 (C = suspended sediment 
concentration (mg 1*^ )i Q = discharge (1 s*i) and * = not 




(Samples collected) n Cmean Cmax Cmin ^nean Qnax Qnin
10.05.85 - 17.05.85* 17 117.8 701.2 10.8 38.7 51.5 26.3
17.05.85 - 25.05.85« 20 34.4 51.5 26.3 123.7 973.2 38.3
24.05.85 - 01.06.85* 12 19.0 74.5 4.3 34.6 178.5 2.5
1 21.06.85 15 27.3 103.8 13.0 217.8 286.6 18.9
rtO 05.07.85 16 94.2 382.9 11.8 704.4 984.6 19.0
3 17.07.85 24 42.8 140.0 6.9 564.4 1043.3 61.2
4 08.08.85 8 42.2 116.5 8.0 411.8 643.9 41.1
5 14.09.85 22 168.3 714.4 12.8 426.6 726.8 241.6
6 30.09.85 15 61.9 502.3 5.1 293.5 324.1 86.0
7 11.10.85 10 108.3 263.1 24.7 644.1 1120.7 333.0
8 04.11.85 22 27.0 89.0 7.4 204.9 234.7 135.1
9 06.11.85 23 41.4 269.3 6.4 702.5 1021.6 218.0
Phase I Total/mean 219 61.8 714.4 5.1
S T A C K ] [ N G A R E A C O N S T R U C T E D
K4 upstream of road gully input
14.10.86 18 10.0 40.5 2.5 48.7 54.7 34.7
21.10.86 21 26.8 139.4 4.0 60.3 70.0 57.7
28.10.86 13 122.4 277.6 10.8 319.2 542.8 116.6
04.11.86 23 71.9 301.3 17.6 126.1 145.3 92.1
11.11.86 19 37.7 94.7 11.0 226.3 299.8 64.0
Total/mean 94 50.0 301.3 2.5
K4 downstream of road gully input
10 14.10.86 9 16.3 40.8 3.4
11 21.10.86 20 10.4 20.7 2.6
12 28.10.86 6 93.5 225.6 14.2 As for K4 above
13 04.11.86 23 59.3 421.4 9.8
14 11.11.86 20 24.1 44.5 10.0
15 02.12.86 12 29.2 93.3 3.5 160.6 185.9 134.7
16 09.12.86 14 109.6 197.8 29.3 262.4 536.9 187.4
17 08.05.87 15 6.4 14.0 2.6 130.3 223.0 51.0
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Figure 5.4: Flood mean suspended sediment concentration vs. flood mean 
discharge for Ml, K4 and K8.
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area construction in K4 sub-catchment and ploughing and ditching in 
Ml. K8 did not undergo major disturbance and all floods are 
plotted as solid diamonds. The forested streams tend to show 
higher flood mean concentrations for larger floods but the 
relationship is by no means good with mean concentrations differing 
by up to an order of magnitude for floods with the same mean 
discharge. However, phase II flood mean concentrations for the 
period after construction of the northern Kirkton stacking area 
{solid triangles) are generally higher thain the phaise I mean 
concentrations reflecting an increased a\-ailability or supply of 
suspended sediment. In Ml, flood mean concentrations api^ear to bear 
little or no relationship to flood mean discharge, but what is 
clear is that mean concentrations for floods sampled in Kiase I 
(open triangle) are consistently higher than mean concentrations in 
Phase II. An explanation for this surprising observation is 
offered in section 5.4.1. The overall pattern is reflected in the 
suspended sediment/discharge rating curves in Figure 5.5.
5.2.2 Suspended sediment loads
Due to the highly variable nature of suspended sediment 
concentrations in streams e is  indicated in the previous section 
(5.2.1) the problem of estimating total stream sediment loadings 
is a particularly difficult one. In the vast majority of cases it 
is not feasible to trap the total stream load (as done for bedload 
in this study) due to the very large quantities of sediment 
involved {suspended sediment loeids can sometimes constitute more than 
95% of the total stream sediment load). Therefore, the alternative 
is to estimate the load from continuous discharge data and
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intermittent samples of suspended sediment. The most common way of 
combining these intermittent concentration data with the continuous 
discharge data is to use a rating curve to predict unmeasured 
concentrations from the measured discharge at the time. However, 
it has been demonstrated that sediment load estimates made using 
the rating curve technique can in some cases result in errors of up 
to +/- 50% (Walling 1977a and b, Walling and Webb 1981b). More 
recently Ferguson (1986) has shown that estimating unmeasured 
concentrations from discharge using least squares regression for 
the logarithm of concentration has an inherent statistical bias 
which increases with the degree of scatter about the rating curve, 
the underestimation resulting from which can reach 50%. Ferguson 
proposes a simple correction factor which was tested successfully 
on real and simulated data sets. Therefore, in the absence of a 
more appealing alternative method all suspended sediment load 
estimates in this study are computed using ratir.g curves and 
corrected aiccording to Ferguson (1986).
Some 1165 suspended concentration values collected largely 
automatically during flood conditions (but with a few sampled by 
hand and ALS at low flow) were assigned discharge values and 
divided into pre- (Phase I) and post-disturbance (Phase II) 
periods. The number of samples in the period and the computed 
rating equations for the three tributaries are shoivn in Table 5.7 
and the relative positions of the ratings and their confidence 
intervals (one standard error) are shown in Figure 5.5. Multiple 
linear regression analysis using both rising/falling stage and 
season as extra predictors failed to increase the explained
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Figure 5.5: Tributary suspended sediment/discharge log-log rating curves 
with 95% confidence limits for the pre- and post-disturbance 




sediment loads for (1983-1986) spanning the land use conversion 
period. Mean annual tributary discharge (1 s*‘) is indicated in Tab!« 5.2,, 
First, the forested tributairy suspended sediment yields are more 
than double those from the moorland stream. Second, suspended 
sediment yield appears to reflect mean annual discharge, the higher 
discharge in 1985 resulting in higher suspended sediment yields.
Thirdly, the effect of constructing the stacking aurea in late 1985 
has been to increase the K4 1986 yield and this is discussed in 
section 5.4.2 later. Thus, over the Phase I period 1983-5 
tributary suspended sediment yield has varied by under 15% in the 
forested tributaries and by around 5% in the moorland tributary 
even though 1985 was a paurticulsirly ivet year (see Figure 7.2). The 
variation appears to be related to the tributary mean annual 
discharge. Since only one tributary was monitored in the moorland 
catchment it is not possible to comment on variability between 
streams, but in the forested catchment K8 yields appear to be far 
greater than K4 both before and after the stacking area 
construction. Mean suspended sediment concentrations in four 
tributaries in the Kirkton glen (Kl, K4, K8 £ind K14) have been 
published by Ferguson and Stott (1987) and range from 9 to 95 mg 
1'*. It appears that stream to stream variation in suspended 
sediment yields can be in the region of an order of magnitude in 
these type of mountain streams.
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5.2.3 Organic content of suspended sediment
Organic content of the suspended sediment was estimated by 
the loss on ignition method as used by Robinson (1979). In the 
first instance a sequence of suspended sediment samples taken at 30 
minute intervals through typical flood events were analysed for 
their organic matter content to determine how much short term 
variation there was with discharge. Figure 5.6 shows how suspended 
sediment concentration and the orgEuiic matter content of the 
suspended sediment vary with streamflow in each of the three 
tributaries R4, K8 and Ml. It is apparent that percentage organic 
matter content varies closely with suspended sediment 
concentration. The maximum organic matter content for all samples 
in these three flood events was 7.2%. Since the organic proportion 
of the stream sediment load was so small (of the order of a few- 
percent) it was decided to examine whether or not there ivas a 
seasonal variation and to test the hypothesis that fine particulate 
organic matter (FPOM) in streams varies with season. In order to 
do this samples from two floods for esich season (where winter is 
January - March, spring is April - mid-May, summer is mid-May - 
August and autumn is September to December) were combined and the 
average organic matter content estimated. The results are 
presented in Table 5.9 and show that the average organic matter 
content is less than 2% and that there is little seasonal 
variation, the range being 0.9 to 2.0%. Finally, samples from 
likely source areas - namely stream banlcs in all tributaries, 
a drainage ditch bed in the moorland Ml sub-catchment and the 
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’Bedload’ is that fraction of the stream’s sediment load 
which is transported either intermittently or continuously in 
contact with the stream bed, i.e. usually by saltation (leaps and
bounces) or rolling along the bed. Bedload is therefore the
15
coarser or heavier particles of the sediment load^classified in 
this study SIS all sediment coarser than 2.8 mm (see Table 3.1).
5.3.1 Bedload dmamics and channel storage
Bedload djTiamics were investigated in two waj's:
(i) by performing two separate tracer experiments to 
inv'estigate relative rates of bedload movement in forested and 
moorland streams in the first instance and then by tracing the 
routing of individual marked pebbles in the second.
(ii) by attempting to relate a.Tiounts of sediment 
accumulating in bedload traps to streamflow conditions in the 
preceding time period.
In the first of the tracer experiments which took place 
from July to October 1985, 150 pebbles were painted yellow and colour 
coded according to size class (see Table 5.11). These were placed 
onto the beds of the forest (K8) and moorland streams (Ml) but not 
seeded into it. The average distance moved bj' each size class was 
measured on two successive occasions. Table 5.11 presents the data 
- number in size class, average distance moved for each size claiss 
and percentage recovery rates from the date of injection (04 July 
1985) to the date of the second measurements (22 October 1985).
These data are plotted in Figure 5.7 which also includes error
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PEBBLE TRACER EXPERIMENT I
Distance moved 04.07.85 - 22.10.85
Pebble size class (mm b-axis)
Figure 5.7: Pebble size vs. distance moved plot for tracer e.vperiment I. 
The 95% error bars are shown.
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bars. Even allowing for the measurement errors all but the 
smallest size c I eiss (22-32 mm) moved further in the moorlEind than 
in the forest stream. It was provisionally suggested at this stage 
that the greater average distance moved by all but the smallest 
pebbles in the moorleind stream was due to the organic debris jams 
which were a feature of the forest tributary (see Plate 3.6).
In the second tracer experiment carried out in tributaries 
K1 (forest) and Ml (moorland, further upstream than the first 
experiment to avoid confusion), all 150 yellow painted pebbles were 
numbered and a note made of their size class. This time the 
pebbles were carefully seeded into the streambeds by removing a 
clast of similar size and replsicing it with a painted pebble so as 
to minimise disturbance to the bed. This was done in order to try 
to simulate natural conditions. The injected pebbles would then 
lie in realistic locations (unlike in the first experiment in which 
injected pebbles were not seeded) which would not give them an 
enhanced chance over other pebbles in the streambed of being moved. 
The tracers were injected on 5 June 1986 and their distauice 
downstream measured on 3 and 4 occasions in the moorland and forest 
tributaries respectively during the following ten months. Recovery 
rates were low, particularly for the smaller clasts idiich easily 
became buried, but nevertheless it was possible to trace a few 
clasts throughout the six month period. The data are summarised in 
Table 5.12 and plotted in Figure 5.8. The patterns observed show a 
fall off in distance moved as the size class increases. This has 
been reported in other studies (e.g. Laronne and Carson 1976, 
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Figure 5.8: Pebble size vs. disLaiii.'e moved plot for tracer experiment ll,
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movement rate and the rate decreases as the particle size becomes 
further away from the Dso in both the coarser and finer directions. 
However, because all clasts painted were coarser than the streambed 
Dso of 8 mm (estimated from streambed bulk samples, the grainsize 
curves for which are presented in Figure 6.4), Figure 5.8 shows 
that the smaller clasts moved furthest, as was the case in the 
first experiment with maximum distances of 46.6 m in the forest 
tributary and 15.3 m in the moorland tributary. However,
Student's "t tests on the mean distance moved showed that with the 
exception of this smallest size class (22-32 mm) numbered 1 in 
Figure 5.8, mean distances moved in both tributaries were not 
significantly different at the 5% level. This differs from the 
results of the first experiment where average distances moved in 
the forest stream were much lower than in the moorland stream 
(significant at the 5% level). However, the rates of movement 
averaged for all pebbles correspond to 11.0 and 29.9 m >t -‘ in the 
in the forest and moorland streams respectively in the first 
experiment and 8.1 and 6.3 m yr** in the second experiment. The 
higher movement rates in the first experiment could be a result of 
not seeding the pebbles into the bed. It is likely that they xrauld 
protrude more from the bed into the flow, and since they were not 
part of the armour layer would be entrained more easily and 
preferentially transported. A second explanation for the different 
movement rates could be that local channel gradient, deemed by 
Laronne and Carson (1976) to "exert an influence on the probability 
of particle entrainment and on particle mobility", was different in 
both experiments. Thirdly, although the movement rates have been
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scaled up to a year, it is conceivable that the streamflow regime 
was different in both experiments. The unusually wet summer and 
autumn of 1985 (see Figure 7.2) when the first tracer experiment 
took pl8u:e would have produced more floods which could explain the 
overall higher rates of movement also. Finally, the local channel 
characteristics and in particular the presence or absence of 
organic debris jams in the forest and rock obstructions and pools 
in the moorland must exert an influence over the distance moved by 
the painted particles. However, it is beyond the scope of this 
study to attempt to explain or predict bedload transport.
Nevertheless, the work has given some idea of the transport pcocessc,«̂  op- 
coarse sediment in these streams.
The second way in which bedload dynamics were investigated 
was by means of a correlation analysis using the weight of 
bedload (sediment coarser than 2.8 mm) trapped (over variable 
periods within the record) as LOAD (kilograms) with various flow- 
indices and thresholds. Moore and Newson (1986) analysed sediment 
trap data collected at Plj-nlimon in a similar way but also using 
climatic based supply factors. On the basis of their finding that 
climatic supply parameters were unimportant, only flow parameters 
as gauged by IH at the catchment outlets are used in this analysis:
QNAX is the highest instantaneous discharge in the period, QSLM is 
the total volume of flow leaving the catchments in the period. In 
order to attempt to characterise the duration of ’competent 
discharges', suggested by Werritty (1981) to be a more important 
control over bedload transport and channel change in the river 
Nethy than 'flood peali discharge’, seme flow thresholds were chosen
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based on the usual discharges at which bedload starts to be 
collected by Helley-Smith sampling at the catchment outlets (' 2 
m^s*i in Kirkton and '“4 m^s'^ in Monachyle {Johnson pers. comm.)). 
Therefore, mean discharge over the period, QMEAN, and two other flow 
thresholds were chosen for each catchment: T > 2 auid T > 4 for 
Kirkton and T > 4 and T > 8 for Monachyle which are times (hours) 
exceeded by flow thresholds of 2, 4 eind 8 m ’ s-i respectively.
Table 5.13 shows the correlation matrices (in which all data 
logarithmically transformed) for each catchment. Individual 
bedload traps as well as the total bedload trapped (Ktotai or 
Mtotai which is the sum of all bedload traps) in each catchment are 
the column heEulings, while the flow parameters are the rows. The 
bedload record is for trap accumulation over 20 variable time 
periods over the two year study period. There are n - 2 degrees of 
freedom (18) so that all correlation coefficients higher than 0.444 
are significant at the 5% probability level and are underlined.
The results are difficult to interpret but in general most 
correlations are weak. There does not appear to be any j>articular 
trend, tributaries in the same catchment appear to correlate 
differently with the flow peurameters and some have no significant 
correlations at all. Clearly, either the flow parameters are too 
crude or local factors of sediment supply and storage must exert a 
greater control over bedload transport than the crude flow indices 
chosen. For example, a sudden banli collapse in a particular 
tributary may supply more sediment to a bedload trap than would be 
predicted by these simple flow indices. Organic debris jams may 
interfere in different ways in different streams by either storing
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sedi.ment and thus reducing the sediment yield or by bursting and 
releasing a sudden pulse of sediment. However, Ktotai, the sum of 
all the bedload trap catches seem to average out the local 
differences and this results in higher and significant correlations 
with the flow parameters, particulaurly in the moorland catchment. 
Here it is QMAX, the peak discharge in the period since the last 
trap excavation, which has the highest correlation coefficient of 
0.882 with the Miotai. However, in the forested catchment it is 
the time over which the mean discharge is exceeded which seems to 
correlate best with Kiotai at 0.550. It must be b o m  in mind that 
this correlation coefficient is only just significant.
It may well be that the flow indices chosen, particularly 
the flow thresholds, are too crude. It is possible that the 
critical threshold for bedload mov'ement at the catchment outlets is 
different in tributaries. Since no Helley-Smith sampling was 
carried out in the tributaries it was not possible to select a 
critical threshold for bedload mov'ement (which may be variable 
anyway!). It may be that the threshold is lower in the tributaries 
and that they feed coarse sediment into the mainstream which is 
removed from tributary fans during a later flood - a two or more 
stage process? On the other hand the flow threshold for bedload 
movement in tributaries could be higher in which case bedload 
movement may only take place in tributaries during the highest 
flows and QMAX may well be the best predictor. Given the vast 
'mount of work which has been, and is being, dedicated to trying to 
predict bedload transport it is hardly surprising that a simple 
uialysis such as this has not been more successful in ex^piaining
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bedload transport in these first and second order streams. It is 
outside the scope of this study to develop predictive equations for 
bedload transport, suffice to say that more work to refine the flow 
parameters and quantify sediment supply and storage factors will be 
needed if progress is to be made.
5.3.2 Bedload size distribution
At each time of excavating sediment from bedload traps 
during 1985 and 1986, a 5-10 kg bulk sample of the sediment was 
talien from the mass of sediment piled up into a cone on the banli. 
The sample weis dried, its volume and weight measured to get an 
estimate of its bullí density, and then sieved at half phi intervals 
(coarsest usually < -7 phi (128 mm) through to 4 phi (0.063 
mm)). Size distribution histograms and grainsize curves were 
plotted up for all samples using a FORTRAN graph plotting routine.
In the first instance it was possible to estimate what 
proportion of the sediment trapped was actually finer than 2.8 mm 
and therefore already esti.mated by the suspended sediment sampling 
programme. The average fine fraction (< 2.8 mm) was found to be 
44% in the forest traps but only 12% in the moorland. This fine 
fraction was deducted from the total weights of bedload trapped for 
the purpose of estimating bedload yields. Figure 5.9 shows pie 
chart representations of the average size distribution of sediment 
trapped with the fine fraction included.
The median particle size (Dso) of bedload trapped in 
tributaries (> 2.8 mm only) is 32 and 8.0 mm in the moorland and 
forest catchments respectii'ely and at the outlets (estimated from 




5.3.3 Coarse sediment loads
Bedload is that fraction of the sediment load coarser than
2.8 mm. Amounts trapped in different tributaries in April-December 
1985 are expressed as loads (t yr**) and yields (t km*yr*‘) in 
Table 5.14 under the column headed Phase I and eis  yields in Figure 
5.10. The mean yield from three moorland tributaries draining 26% 
of the Monachyle sediment contributing area (see unshaded area in 
Figure 2.7) was 0.3 t km**yr*‘, compared to 0.8 t km-*yr*‘ from six 
forest tributaries draining 40% of the Kirkton sediment 
contributing area. These numbers differ slightly from those 
presented by Stott et al. (1986) as a result of reassessment of the 
areas drained by some tributaries - not easily judged from contour 
maps in such rugged terrain. These yields fall within the range 
reported by Newson (1984) for the British uplands.
5.3.4 In-channel sediment storage and debris jams 
Previous work concerned with in-channel sediment storage
due to organic debris damming appears to be largely from the 
western USA (e.g Heede 1972, Swanson et al. 1976, Keller and 
Swanson 1979, Keller and Tally 1979, Madej 1982 and Megahan 1982) 
and New’ Zealsuid (Mosley 1981). The main findings of this work were 
summarised in section 3.2.6.
At Balquhidder, tape and clinometer surveys were made on 
several tributary streams (the results of three are reported here) 
in an attempt to estimate the frequency of organic debris jams and 
heir importance as sediment stores in a different environment to 
'hat in which most previous work heid been carried out. Detailed
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Figure 5.10: Sub-catchment bedload (sediment > 2.8 mm only) yields in t 
km* yr-‘ for Phase I of the exj^eriment.
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surveys of two forested tributaries (K4 and K7) and one moorland 
tributiUT (Ml) were conducted. The stream long profile of K7 
(forested) is plotted in Figure 5.10 marking the locations of 
pools, sediment stores and debris jams. It must be b o m  in mind 
that for much of their course these mountain streams flow on 
bedrock, with sediment stores and pools at variable intervals, the 
spacing of vhich depends on a number of local factors such as 
stream gradient, sediment size, channel geometrj' and supply of 
organic material to the channel (obviously greater in the forested 
streams). Both the moorland and forested stream long profiles have 
the characteristic ’step-pool’ appearance reported for example by 
Heede (1972), Whittaker and Davies (1982) and Whittaker (1987). 
Natural steps in both moorland and forested streams may occur as a 
result of a sudden increase in the bedrock gradient. In the 
moorland stream steps also form as a result of one or a number of 
larger clasts becoming jammed at a point where the channel narrows. 
These have been cleissified ais ’rock-steps’ by Whittalier (1987). 
Sediment particles of all sizes then begin to accumulate behind the 
larger jammed clasts. Streamflow rushes over the ’rock jam’ and a 
small îjaterfall begins to develop on the downstream side of the jam 
which increases in size as it erodes downTyards creating a plunge 
pool. The size of the feature seems to be related to the size of 
the initial rock clasts which were jammed. In the forested stream 
organic debris jams form in the same way (referred to by Heede 
(1972) as ’organic stepping’), their size, permanence and frequency 
depending on the supply of organic material from the forest. This 
of course can be increased at the time of thinning (about 15 years
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Figure 5.11: Long profile of tributary K7 showing debris jams (location 
indicated by arrows) and sediment stores.
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after planting) and clearfel.Ung unless care is taken to 'clean 
out’ stream courses afterwards. AlsOi managed plantation forest as 
at Balquhidder is unlikely to produce nearly as much organic debris 
as primary or natural forest where all ages of trees are 
represented. Trees dying naturally of old age are not likely in a 
Forestry Commission plantation. This should be borne in mind when 
comparing the results presented here with other studies which are 
entirely from the western U.S. where the forests are natural.
Tape and clinometer surveys of the long profiles of 
tributaries were carried out. Notes were made of significant 
sediment stores (either natural pools or behind obstructions) and 
the approximate size of the store estimated by measuring its 
surface area. However, no satisfaictory method of estimating 
sediment store depth was found (driving in of a gradiiated pointed 
steel bar proved to be unsatisfactory since where sediment was coarse 
it was not possible to know whether a large particle had been 
reached or whether it was bedrock). Nevertheless, it has been 
possible to make some crude estimates of in-channel sediment 
storage for typical Balquhidder tributaries (K7), forested in its 
lower part and moorland in the upper section (see Figure 5.10) and 
Ml, entirely moorland. Considering first the measured surface areas 
of sediment stores along the forested reach (400 m) of K7 (see 
Figure 5.11) - there were 34 significant sediment stores with a 
total surface area of 346 m^ i^iich represents 865 m* Ion** of 
channel. Above the tree line 6 stores were surveyed along 150 m of 
'hannel with a total surface area of 26 m* which represents 173
In the moorland stream (.Ml) 19 stores were present in 300
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m of channel, the total surface area being 87 m* representing 290 
m2km-‘ of channel. Both above the tree-line in stream K7 and in 
the moorland stream (Ml) the measured surface area of stored 
sediment appears to be between 20 and 35% of that meastired in the 
forested reach. It therefore appears that in terms of sediment 
surfEice area some 3 to 4 times more sediment is stored in the 
channel in the forested reach and this can only be attributed to 
organic debris jams which are not present outside the forest.
Clearly, since the average depths of the sediment stores 
were not measured it is difficult to compute volumes aind masses of 
sediment. However, from occasional measurements of debris jam 
heights (bearing in mind that sediment stores are likely to be 
wedge shaped with the thin end upstream), it seems resisonable to 
assume that average sediment depths would vary between 0.1 and 0.5 
m. Using these approximations it is possible to compute maximum 
and minimum sediment volumes stored, and also sediment mass (t) 
cissuming average bulk density of 1.4 t m"’ (as estimated from 
sediment trap bulk samples):
Total length of stream K7 = 1100 m
Total area of sediment stored = 372 m^ in 550 m of channel
= 1040 m2
Minimum volume stored 1040 m* X 0.1 m
104 m2 = 0.1 m ’ m-> of channel
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Maximum volume stored = 1040 m* X 0.5 m 
= 519 m^ = 0.5 m* m-‘ of channel
K7 in-channel sediment mass (bulk density 1.4 t m*®)
= 150 (min) to 700 (max) t 
= 0.1 to 0.7 t m*‘ of channel 
K7 coarse sediment yield > 2.8 mm (1985) = 0.1 t yr'^
= < 0.1% of min. in-channel storage
Dietrich et al. (1982) in constructing their sediment 
budgets compute residence times:
Mean residence time in storsige = mass of sediment stored / fluri 
At Balquhidder minimum and maximum residence times of sediment in 
storage can be estimated using the above formula to be:
= 150 (min.) / 0.1 or 700 (max.) / 0.1 
= 1500 to 7000 vrs.
This implies that the residence time of coarse stored 
sediment is more than 1000 years. It is reasonable to assume that 
the in-chetnnel sediment storage estimated for K7 is typical of 
other tributaries in Kirkton glen since all are of a similar 
gradient (see Table 2.1) and length (see Figures 2.2 and 2.3) and 
all have toeen subjected to the same forestry activities (planting 
and thinning). The mid-point of the range of in-channel sediment 
storage (400 t) is talten as a typical average for the other 
tributaries for which bedload yield has been measured. For the 7 
tributaries equipped with bedload traps the laedload yield ranges 
from 0.05 - 1.27 with a mean of 0.38 t >t -‘. Thus, the sediment 
yield expressed as a percentage of that stored in the channel
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is (0.38 / 400 ) X 100 = 0.1% or about 1000 years of sediment yield 
are held in storage. In other words, by taking the mean bedload 
yield of all the forest tributaries monitored, rather than just K7, 
the mean residence time estimated is eis about 1000 years. This 
would imply that the coarse sediment transport/^rates estimated in 
the second pebble tracer experiment (II) of 8.1 and 6.3 m yr’  ̂ in 
the forest and moorland streams respectively are over estimating 
the rate of coarse sediment transport down the tributaries. This 
is logical since the percentage recovered was down to 40% in the 
smaller size classes. This infers that the remaining 60% wdiich 
were not recovered must have gone into long term storage. The 
amount of in-channel sediment storage estimated here differs from 
that reported by Megahan (1982) working in the Idaho batholith,
USA, who estimated that 15 years of sediment yield is stored behind 
organic debris obstructions. Swanson et al. (1976) also working in 
the north-western USA calculated that 5-10% of the sediment in 
storage is yielded annually. From all of these estimates it is 
clear that small changes in the in-channel storage of sediment 
could greatly affect sediment yields and likewise, extra sediment 
entering the channel from the hillside (as could be the case after 
clearfelling) may be added to this large sediment store and may not 
show up in the measured sediment yield for some time. The 
in-channel sediment store thus acts as a buffer.
The much higher residence times estimated for coarse 
sediment in Balquhidder tributaries compared with Pacific north 
«st U.S findings could be a function of the debris jam spacing. 
Plate 3.6 shows the nature of some of this in channel organic
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5.4 Effect of distiirbance
As reported in section 3.5 the land use conversions 
occurred jiist over half way through the fieldwork period.
Ploughing affected all three of the moorland sub-catchments 
equipped with bedload traps and ditching affected tributary Ml also 
(equipped with bedload trap and intensive suspended sediment 
sampling).
At the outset of the study K4 and K8 were selected as 
tributaries in which to perform intensive suspended sediment 
sampling. In the original plan, K4 was to be the control stream to 
remain undisturbed auid K8 w eis to be felled early in the schedule at 
the request of the DATS Freshwater Fisheries Laboratory, Pitlochry 
who were monitoring the water chemistry in both K4 and K8 
throughout clearfelling. However, in practice the northern 
stacking area construction reported in section 3.5 affected 
tributary K4 which was equipped with a bedload trap and suspended 
sediment sEunpling throughout the period. Apart from the felling of 
a few trees near the lower road in the K8 sub-catchment this 
tributairy remained more or less unaffected by the end of the field 
sampling programme in May 1987. Of the other sub-catchments in the 
forest which were equipped with bedload traps K1 remained 
completely undisturbed. Felling in the K9 sub-catchment started on 
the southern boundary in the last week of November 1986 but ceased 
soon after when only the southern half was felled, this was still 
the situation at the end of the fieldwork programme in late May 
1987. The K12 sub-catchment was completely felled during April and
161

5.4.1 Effect of afforestation
Several studies elsev^ere have reported dramatic increaises 
in suspended sediment loads during and after forestry ploughing and 
ditching operations (e.g. Robinson 1978, Burt et al. 1984, Francis 
1987). The increase in suspended sediment yield is attributed to 
increases in fine sediment supply resulting from exposure and 
erosion of the subsoil. However, in the case of the event sampling 
in tributary Ml Table 5.4 shows how suspended sediment 
concentrations in the post-ploughing eind drainage ditching period 
(Phase II) actually decreased. Statistical tests on the Phase I 
and II concentrations have confirmed that the two populations are 
significantly different at the 0.1% level. This was a surprising 
and unusual finding and at first appeared to be inexplicable, but 
some hand sampling during a flood event on 21 October 1986 (3-4 
months after the drainage ditch was dug) taken from water issuing 
from a plough furrow, from water in the drair.age ditch and from the 
water flowing overland into Ml (upstream of the usual sampling 
point) had exceptionally low suspended sediment concentrations. 
Figure 5.12 is a large-scale plan of the lower part of the Ml 
sub-catchment with the sampled concentrations marked. Plate 5.1 is 
a view looking north west from the footbridge in Figure 5.12 up the 
sub-catchment. The only explanation which cam be offered for the 
lower suspended sediment concentrations sampled in Ml in the 
post-ploughing and ditching period is that water collected from the 
plough furrows by the cross-drain (which flows overland and into Ml 
'ipstream of the sampling point) carried significantly less suspended 
sediment thain the background concentrations sampled in Ml.
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(■’igure 5.12: Plan of aaniplinM area in Ml sub-catclunent showing location of 
drainage ditch, hand sojiipling points and suspended sediment 
concentration in the sami)les expressed in mg 1" ‘
«eunri«<l eut 0« 5 Oc+»(>»<- IJifc.
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Plate 5.1 View of Monachyle sub-catchment Ml after ploughing and
ditching. The arrow ’A ’ indicates the downslope end of the 
drainage ditch, ’B ’ is the overland flow track from the 
ditch to the Ml stream, ' C  indicates the flow direction of 
the Ml tributary, ’D ’ is the automatic sampling point and 
’E ’ is the bedload trap.
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Sampling of three flood events at Upper Ml during the sumner of 
1986 (data are summarised at the bottom of Table 5.4) confirms that 
the background concentrations upstream of the point at which the 
drainwater enters Ml has concentrations not significantly different 
from in Hiase I and significantly higher than the Phase II mean 
concentrations sampled downstream of where the drainwater enters 
the tributary. In this particular example the
effect of installing the cross-drain which delivers water into Ml 
appears to have been to dilute the suspended sediment load in Ml 
with water carrying an even lower suspended load collected from the 
plough furrows. This can be explained in terms of Walling and 
Webb's (1982b) mixing model for explaining suspended sediment 
concentrations wherein it is proposed that suspended sediment 
concentrations reflect the mixing of sediment-laden storm runoff 
with the prevailing sediment free baseflow' (or in this case 
baseflow aind drainwater). Just vdiy the water draining from the
lowplough furrows should have such^suspended sediment concentrations 
is not clear. It seems that within the Ml sub-catchment the 
majority of the ploughing was in peat and did not disturb the 
underlying mineral soil except in a few places at the upslope end 
of the furrows. Ploughing of the mineral soil appears to have been 
kept to a minimum which may well have helped to keep suspended 
sediment concentrations low. However, in cases where the mineral 
soil was disturbed fains of fine sediment accumulated at the 
downslope end of the furrows seen in Plate 5.2. It appears that 
the coarse nature of this sediment has resulted in it being 
deposited in the riparian buffer zone. Plate 5.3 shows the nature
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Plate 5.2 Fine sediment issuing from the downsiope end of plough
furrows in Ml sub-catcliment in September 1986 four months 
after ploughing. Note where the ploughing has disturbed 
the mineral soil which underlies the peat at the top of the 
photograph. (talten by R . I. Ferguson).
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Plate 5.3 Sediment deposits in the riparian buffer zone, Monachyle, 
after drainage ditching. The rucsac marks the end of a 
drainage ditch. Note the relatively coarse nature of some 
of the sediment in front of the shovel. Photograph taken 
in May 1987 twelve months after ditching.
of this sediment vAiich has been delivered to tlie riparian buffer 
zone from a cross-drain further up the catchment.
Figure 5.13 presents cumulative tributary bedload yields 
for the study period for all bedload traps. The three moorland 
bedload traps are Ml, M2 Eind M3 and the timing of the ploughing and 
draining operations are indicated on the curves. The ditching 
operations do appeeu: to have caused a four-fold increase 
in bedload trapped in Ml and M3. In the case of Ml it seems that 
it was the termination of the cross-drain some 10 m upslope to the 
north of the stream (indicated in Plate 5.1) which appears 
to have caused the observed increases in bedload trapped. As 
mentioned earlier the cross-drain collected water and sediment from 
a number of plough furrows, and by the late summer sediment (mostly 
finer than approximately 8 mm) had accumulated in the downs lope end 
of the ditch. It seems that this became flushed out with the 
drain’s discharge overland as bedload into tributary Ml during 
successive flood events. Particles of up to 8 mm were observed on 
the flow track (see Plate 5.3).
Tributeiry M3 however, was crossed by the ploughing and 
ditching machines every day during the two month period when the 
upper part of the catchment north of tributary' M3 x.'as being 
ploughed and ditched. This caused damage to the bed and banks of 
the stream some 50 m upstream of the bedload trap and resulted in 
the increase in bedload trapped over the late summer and autumn of 
1986. Some recovery to the pre-disturbance yield appears to have 
taken place by May 1987. Though this may not be obvious from the 
cumulative curves, it was borne out by time-series plots of the
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Figure 5.13: Cumulative tributary bedload yields (in tonnes) for the study 
f)eriod 1985-7. Approximate timing of forestry activities are 




5.4.2 Effects of clearfelling
Three of the six sub-catchments equipped with bedload traps were 
directly affected by deforestation activities. They were K4 (in 
which the northern stacking area vías constructed), K9 (half of 
which was clearfelled by December 1986, smd K12. The K12 
sub-catchment was clearfelled during late April and May 1987 right 
at the end of the study period. No flood events were experienced 
during May 1987 and since the last bedload trap excavation. There 
was no apparent chsuige in the sediment yield estimated from the 
last K12 bedload trap excavation on 25 May 1987. This tributary is 
therefore not discussed any further in this section.
Tributaries K4 and K8 were sampled for suspended sediment 
throughout the period. K8 remained unaffected by the deforestation 
programme during the fieldwork period sind so a single rating curve 
is applied to estimate the total suspended sediment load (see 
Figure 5.5). K4 however was affected by the construction of a 
timber stacking area just upstream of the suspended sediment 
sampling point during November auid December 1985 in the middle of 
the study period. Plate 5.5 shows the work in progress and the 
extent of the cleared area in early December 1985. On the morning 
of 20 May 1986 some opportunistic suspended sediment hauid sampling 
was carried out around the K4 (northern) stacking area during a 
sudden rainstorm. Hand samples were taken from runoff from the 
stacking area which was flowing for some 200 m down the road gully 
seen in Plate 5.6 (a ) (teüten a week later) and entering tributary K4. 




sediment and the peak suspended sediment concentration in the road 
runoff was close to 50 000 mg l-‘ and was by fair the highest ever 
recorded during the study. Further samples were collected from 
tributary K4 (as indicated on Plate 5.6 (b)) both upstream 
(typical background concentrations were around 10 mg 1"M  and 
downstream (concentrations of the order of 100 mg 1*‘ were 
measured) of where the road runoff entered the tributary. Clearly, 
although the sediment laden road runoff is diluted considerably on 
entering tributary K4, it still has the effect of raising the 
bacltground suspended sediment concentration by an order of 
msignitude during this storm event. Further hand samples were 
collected from other tributary streams draining from the stacking 
area into the mainstream, aind from the mainstream itself both 
upstream and downstream of the stacking area. All the measured 
suspended concentrations as well as the duration of the storm 
rainfall are summarised in Fig’ure 5.14 from which it appears that 
suspended sediment concentration was higher while it was actually 
raining. From the field observations it seemed likely that 
rainfall impacting on the bare stacking area surface was detaching 
sediment particles which are then carried in surface runoff (e.g. 
the road gully seen in Plate 5.6 (a)) to the streams. This type of 
sediment production from forest road surfaces was studied by Reid 
(1981) and Reid and Dunne (1984) in the north-west USA and more 
recently by Fultushima (1987) in Japan.
In order to investigate the possibility that stream 
sediment concentrations in K4 downstream of the stacking area were 




Figure 5.14: Susijended sediment concentrations (g m * M  in manual samples 
of runoff from the unsurfaced road and timber stacking area 
in the K4 sub-catciiment ( 0 ), and in streams above (A  ) and 
below ( X ) the road, during a minor rainfall event on 20 May 
1986. See plate 5.6 (b) for photograph of sampling points.
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two automatic samplers were sited on stream K4, one upstream (upper 
K4 or UK4 hereafter) and one downstream (lower K4 or LK4) of where 
the sediment laden road runoff flowed into the K4 tributary.
Several flood events were sampled diiring autumn 1986. Hourly 
rainfall intensity data for two storm events on 28 October and 5 
November 1986, during which suspended sediment was sampled at 30 
minute intervals in K4, were obtained from an IH Rimco tipping 
bucket raingauge located in the centre of the catchment some 1.5 Ion 
from the K4 sampling site (see Figure 2.2). In most cases two 
suspended sediment samples were talten per hour by each sampler. In 
order to compare these data with the rainfall intensity data the 
two samples and the corresponding instantaneous stream discharges 
were averaged to give compatible hourly data. The summary 
concentration (C) in mg l-‘, discharge (Q) in 1 s-i and rainfall 
intensity in mm hr"i (I) data are presented in Table 5.15.
The 28 October storm had a higher maximum rainfall 
intensity but lower mean than the 05 November storm. On 5 November 
the flood mean discharge was 2 to 3 times higher than on 28 October 
but mean sediment concentrations at both sampling points (UK4 and 
LK4) were about half. It must be borne in mind that the 28 October 
storm was one of the first following a dry September and October 
during which time it is suggested that supply of loose sediment on 
the stacking area was large idiereas the supply for the 05 November 
storm idiich was soon after had been exhausted. This might help to 
e.xplain the considerably lower concentrations sampled on 05 
November even though the flood event was much larger. A second 




concentration correlates best with intensity whereas in the second 
storm it is the upstream (UK4) sampling point at which 
concentration correlates more highly. One explanation for this 
could be that as explained earlier, the 28 October storm followed a 
long dry period in September and October. Flood mean concentration 
is higher at both sampling points and it is the lower sampling 
point (LK4) downstream of the road gully entry point which 
correlates best with rainfall intensity. Runoff from this road 
gully is much more controlled by rainfall intensity (see Figure 
5.14 and Plate 5.6). It is therefore likely that this sediment 
laden road runoff, generated during heavy rainfall, is dominating 
the suspended sediment concentrations at LK4. However, in the 
second storm, owing to the large sediment supply from the road and 
stacking area (transported to stream K4 in the road runoff) being 
depleted in the first storm, the concentrations in the road runoff 
must ha%’e been lower than the concentrations from upstream (sampled 
at UK4). The contribution of the roeid runoff as a sediment source 
must have been less in the 05 November storm. A second possibility 
is that the different mean and maximum rainfall intensities of the 
two storms summarised in Table 5.15 might account for the 
differences in the observed stream suspended sediment 
concentrations with the more intense shorter duration 23 October 
storm generating higher mean and maximum concentrations at both 
sampling points than the lower intensity longer duration 05 
November storm. In conclusion, both the road nonoff sampling 
exercise summarised in Figure 5.14 and the results of the 
correlation analysis suggest that most sediment reaches the streams
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during rainfall viien overland flow from the stacking area and roads 
can cau-ry exceptionally high sediment loads to streams.
In terms of the sediment load of tributary K4 the overall 
effect of constructing the stacking area was to increase the slope 
of the suspended sediment rating curve at UK4 as shown in Figure
5.5 which resulted in an increase in the total suspended sediment 
yield from an average of 133 t km** yr*‘ in the 1983-85 period to 
170 t km** yr‘* in 1986 (see Table 5.8). In terms of the actual 
suspended sediment load this represents an additional 30 t in 1986 
even though the mean annual discharge for 1986 is lower thain for 
1985. This means that there was a real increase in the suspended 
sediment yield which must have been due to an increase in the 
supply of fine sediment (from the stacking area) and not due to a 
different streamflow regime. Section 5.2.2 discusses t.he likely 
year to year variation in suspended sediment yield which can be 
expected in these streams.
In order to find out if erosion (surface lowering) of the 
stacking area could account for the increased sediment load 
measured in K4 a newly exposed slop« resulting from the 
construction of the stacking area was instrumented with 50 erosion 
pins (see Plate 5.7) as used elsewhere to measure slop« erosion 
(e.g. Bridges and Harding 1974, Haigh 1977). The pins were 1 cm 
diameter x 30 cm and were installed in a grid p>attem and 
resurveyed on two successive occasions. Average slop« retreat 
values of 10.7 + 2.8 mm (over 115 days) and 9.7 + 2.5 mm (over the 
following 112 days) were estimated for the periods 10 October 1986 




Plate 5.7 Erosion pins installed in the newly exposed roadbank on
the northern Ki*-kton stacking area. Fifty pins were 
installed in tliis slojx? and average slope retreat tneeisured 
over six months. (taJten by R.I. Ferguson).
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respectively. Over the vrtiole period 10 October 1986 to 25 May 1987 
(227 days) the average slope retreat was 17.4 mn with a standard 
error of 3.6 ram or 21%. The total area exposed by constructing 
the stacking area (including sloping area) was measured and 
estimated to be 2050 m» and the bulk density of the surface 
soil/sediment estimated at 1.2 t These were only measured on
one occasion and so it is not possible to attach measurement errors 
to these numbers but it is reasonable to assume that the errors are 
much smaller than for the erosion pin measurements (probably not 
more than a few percent). Since these errors are outweighed by the 
erosion pin measurement error they are ignored in estimating the 
total error. The total sediment removed from the stacking area is 
then estimated as the product of average slope retreat (m), exposed 
area (m*) and surface sediment bulk density (t m"’) auid the 
estimated error is calculated as +/- 21% of the total mass of 
sediment removed.
The estimated sediment loss is 69 t and the standard error
of the estimate at the 5% confidence level is +/- 28 t j t '*.
Since all the extra sediment passing the sampling point downstream 
in 1986 must have come from surfzice erosion of the stacking area, 
the sediment that would be produced using the minimum estimated 
measurement error is 69 - 28 = 41 t j t * * .  This is more than enough 
to explain the increased sediment yield of stream K4 (30 t 
It must be born in mind that the slope retreat rate estimated from 
erosion pin measurements and used in this calculation is for a 
steep cut banlt and therefore it is likely that the erosion rate is 
higher than for much of the rest of the stacking area draining into
184
tributary' K4. This might help to explain why the estimated amount 
of sediment eroded from the stacking area (69 + 14 t yr-‘) exceeds 
the increased suspended sediment yield (30 t yr-i) measured 
downstream in tributaury K4.
In K4 the total amounts of bedload excavated from the 
bedload trap are exceptionally low compared to other tributaries 
but appear to have doubled from 0.04 to 0.09 t km-*yr-‘ after the 
construction of the stacking area (see Table 5.14). Figure 5.15 
illustrates how the grainsize distribution of sediment excavated 
from trap K4 becomes finer over the winter of 1985/86 after which 
fine sediment presumably washed off the newly exposed stacking sirea 
became deposited in the K4 trap. After the winter the Dso of the 
sediment trapped becomes finer than the netlon mesh lining the 
trap. In the pre-stacking area period only 5% on average of the 
sediment trapped was finer than 2.8 mm. However, in the 
post-disturbance period an average of 64% was finer than 2.8 mm.
For comparison the average proportion of fine (< 2.8 mm) sediment 
in 44 sieved bulk samples taken from all forest bedload traps over 
the study period was 44%.
The southern stacking area (see Figure 2.2) was constructed 
in March 1984 before the start of this investigation. Figure 5.16 
is a plan of this southern stacking area showing its location in 
the catchment in relation to the main IH weir, its main drainage 
{pattern and stores of fine sediment (SI and S2) identified during a 
survey made on 14 June 1985. Bulk samples were talcen from the two 
stores and sieved at half phi intervals. Mediain grainsizes were 















□ Fine sediment stores




— ► Storm runoff
N, Oownslope direction
Figure 5.16: Plan of tlie southern tiiiilier stacking area showing sampling 
sites (the mainstream ALS is IH sampling point) and fine 
sediment stores SI (at the foot of the bare slope) and S2 
cause*! by an orgemic debius jam in stream K14.
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in the Fine sand and silt categories in Table 3.1. Sediment in 
store SI must have been WEished from the exposed slope. The volumes 
of these two stores were estimated using a depth probe (pointed 
half-inch mild steel bar graduated in cm) and the results are 
summeurised in Table 5.17.
Table 5.17: Volume estimation data for fine sediment stores on the 
southern stacking Eirea.
Store No. depth Mean S.E Volume t* +/- S.E
readings depth (m ) mean (m3)
SI 20 0.096 0.007 2.88 3.50 +/- 0.26
S2 27 0.207 0.031 0.83 0.98 +/- 0.15
* = estimated assuming bulk density of 1.4 t
Total sediment stored = 3.50 + 0.98 ^ / ~ J (0.26^ + 0.15 2)
~ 4.5 -I-/- 0.3 t
This is the amount of sediment eroded from the stacking area in the 15 
months and corresponds to 3.6 t yr"* which hais come to be stored in 
SI at the foot of the slope suid in an orgEinic debris jam just 
downstream of the road culvert on stream K14 (S2) since 
construction in March 1984.
During the period 11 April to 2 May 1985 some 55 water 
samples were talcen automatically at 8 hour intervals from stream 
K14 at the point indicated 'ALS' on Figure 5.16. These were 
analysed for idieir suspended sediment content and the mean
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concentration was 116 mg 1**. In the absence of any streamflow 
records or dilution gauging an estimate for the mean annual 
discharge of tributary K14 can be made by assuming that this 
sub-catchment delivers runoff to the main catchment outlet in 
proportion to its 0.15 km* area, which implies a mean discheirge of 
8 Is-* in 1984. A crude estimate of the annual suspended sediment 
load of K14 can be made as the product of the meEin suspended 
sediment concentration (C) and meain discharge (Q) grossed up to one 
year (La in section 5.2. ):
Estimating total annual sediment load by the Q.C method: 
Instantaneous sediment load = 1 1 6 x 8 m g s - *
When scaled up to one year the load is found to be 3 t.. This
however is a lower bound since this method of estimating sediment
load has an inherent statistical underestimation. However, from
this simple calculation it appears that something like half of the
sediment eroded from this stacking area remains stored at the foot
of the slope (SI) aind behind an organic debris jam (S2) in the
outflow tributary stream K14. This example illustrates the dangers
of a ’black-box’ approach to assessing changes in sediment yields
ensuing from land use change activities such as forestry
operations. The sediment in storage may not be released to the
catchment outlet for several years or more, depending on future
storm magnitude and frequency. All sediment in storage could be
flushed out to the catchment outlet during one storm event of high 
0-1̂
magnitude^low frequency or it could be released gradually over a
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number of years.
The implications which these individual studies of bare 
ao'eas have for the catchment sediment budget £uid in particulau- the 
catchment sediment yield can be estimated provided the approximate 
total ’bare area’ (roads and stacking areas) within the catchment 
is known. This task was kindly undertaken by Geography students of 
UCW Aberystwyth during a field day in Kirkton glen at Easter 1985. 
Small groups of students simply walked along the roads measuring 
the width at approximately 50 m interv'als. The average road width 
was computed and multiplied by the total road length (estimated 
from the 1: 10 000 O.S map to obtain the total roaid area.
(i) Total road area estimated as above = 30 000 m*
(ii) Three newly created stacking areas have total area = 6000 m^ 
Total ’bare area’ = (i) + (ii) = 36 000 m2
= 0.036 Ion*
or 0.5% of the total catchment area.
From the slope recession study (autumn/winter 1986/7) using 
erosion pins mentioned above an average surface lowering of 0.017 
+/- 0.004 m was estimated for a bare slope over a period of 227 
da>-s. This corresponds to an ¿uinual lowering of 0.027 +/- 0.006 m. 
If we assume that the measured rate of surface lowering applies 
over the whole of the ’bare area’ it is then possible to estimate a 
total volume and mass of sediment (assuming average bulk density of
1.4 t m*’) eroded from the bare area:
Mass of sediment eroded from = 6000 x 0.027 x 1.4 
new stacking areas only
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Mass of sediment eroded from 
total road area
:: 227 +/- 50 t yr-*
= 30 000 X 0.027 X 1.4 
= 1134 +/- 250 t >^-1
Total mass of sediment from = 227 +/- 50 + 1134 +/- 250 
stacking an:eas and roads _ _ _ _ _ _ _ _ _
= 227 + 1134 + J (50* + 250M
- 1400 +/- 250 t yr*‘
N.B. The error is estimated from the measurement error calculated 
from the erosion pin surveys where the error is 21% of the average 
slope retreat. Errors in estimating the total bare area and the 
bulk density are assumed to be negligible in comparison and are 
ignored.
However, it must be remembered that extrapolating the 
erosion rate estimated from the study of one bare newly exposed 
area to the total estimated bare area is clearly dubious since the 
monitored area may not necessarily be representative of the rest of 
the bare areas. The computed numbers must therefore be treated 
with caution and only used to give an indication of the order of 
magnitude of sediment yield from the bare areas. .411 roads were 
graded between October and December 1985 preceding the start of 
felling, some have been repaired and all have received extra 
usEige (frequently by heavy logging lorries) since the start of 
felling in January 1986. Also, large stretches of e.xisting road 
were laid with brashings and used by forwarders for removing felled 
timber from the lower slopes. Sediment production from roads has 
most certainly increased drastically in Phase II. If it is assumed 
that sediment production from roads in Phase II is the same as from 
the stacking areas (see calculation above) then it can be seen that
191

CHAPTER 6. RESULTS - NCW-TRIBOTARY SOURCES
6.1 Hillslopes
6.1.1 Slope Failures
The initial assumption that direct sediment contributions 
from hillslopes to channels are negligible in the Balquhidder 
catchments was reviewed when a slope failure occurred in the 
moorland catchment during heavy rain on 17 September 1985. An 
estimated 36 m* or 65 t of sediment was removed from the scau: which 
was presented earlier in Plate 3.9 (a). This travelled some 500 m 
down a minor tributary gully to the main channel where the sediment 
cone in Plate 3.9 (b) containing an estimated 14 t of coarse 
sediment (Dso = 32 mm; 10% finer than 2.8 mm) was deposited. Some 
of this fresh sediment was visible on the bed of the main channel 
for up to 100 m downstream but much of the discrepancy between the 
headcut and cone volumes is due to deposition in or alongside the 
slide track before reaching the main channel. Grainsize analysis 
of mainstream bank material showed that between 70 and 90% of the 
material is finer than 2.8 mm (i.e. would be classified as 
’suspended sediment’ when undergoing fluvial transport). If we 
assume that a similar proportion of the material removed from the 
slope failure is ’fine’ sediment, then we can estimate that 
somewhere between 30 and 38 t of fine sediment entered the channel 
as a consequence of this slope failure and probably left the 
catchment in suspension during the same storm event. Unfortunately 
no sediment output monitoring was being carried out during the 
storm and so it is not possible to quote typical concentrations.
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Howevc'r, the dispersion of the slug of coarse sediment was apparent 
in aggradation of the first two levelled cross sections downstream 
over the fourth sturvey period (08 August 1985 to 27 September 1985) 
when the two cross-sections FI and F2 (located in Figure 3.4) which 
were 3 and 6 m downstream showed mean bed height increases of 60 
+/- 12 and 35 +/- 12 mm respectively (see Table 6.6). This 
accumulation appears to be scoured out over the fifth survey period 
(27 September 1985 to 02 April 1986) when the mean bed height of 
sections FI and F2 decreased by 69 +/- 12 and 70 +/- 12 mm 
respectively. Sections G1 and G2 some 180 m downstream showed no 
significant change in mean bed height until the sixth survey period 
(02 April 1986 to 03 April 1987) when increases of 65 +/- 12 oind 
48 +/- 12 mm were detected. No significant increase in bedload 
transport was detected at the catchment outlet some 400 m 
downstream by IH Helley-Smith sampling in subsequent floods 
(Johnson pers. comm). It seems that some of the coarse material 
was stored in the sediment cone in the main channel at the mouth of 
the tributary and some on the chsuinel bed some metres downstream. 
The remainder must have left the catchment as suspended sediment 
and some bedload during the same and subsequent flood events as 
suggested earlier. The cone of sediment seen at the tributary 
mouth in Plate 3.9 (b) weis gradually removed over the following 
eighteen months.
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6.1.2 Rainfall/slope failure return period
An attempt was made to estimate the return period of this 
type of slope failure in order to assess their importance as a 
source of sediment in this type of terrain. Both daily and hourly 
rainfall totals were obtained for the periods in September and 
December 1985 when the two slope failures occurred. Both failures 
took place during rainfall intensity-duration conditions which were 
well below Caine’s threshold for shallow landslides (Caine 1980) 
both in terras of duration and intensity implying that some other 
factor(s) such as lithology or soil saturation were contributir.g. 
This was also found by Jenkins et al. (in press) for similar slope 
failures in November 1984 in the Ochil hills some 50 km south of 
Balquhidder. Further landslides occurred in central Scotland at 
Loch Lomond (Ferguson pers. comm) during the summer of 1985. A 
glance at the Parkhead (Stirling) quarterly rainfall data in Figure
7.2 shows how exceptionally wet 1984 and 1985 were and it could 
well Ise that wet years, or at least wet seasons, are required to 
totally saturate the ground before such slojje figures are 
triggered by fairly moderate rainfall intensity-durations well 
below those proposed by Caine (1980). Past rainfall intensity 
figures were not available since autographic rain gauges were only 
installed in the area since the catchments were instnjmented in 
1982. Nevertheless, in order to get some idea of the return period 
of the daily rainfall totals for the days on which the slope 
failures occurred daily totals for a nearby gauge at StrathjTe 
(Grid ref. E2501/N7167, only 10 km to the E.S.E of Monachyle glen 
and at a similar altitude of 130 m) were available on microfiche
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from 1961. These data were consulted in the Meteorological Office, 
Edinburgh, and all rain days of greater than 40 mm were noted. 
Unfortunately the Strathyre gauge was read monthly for several 
years and so only 16 complete years of data were obtained. The top 
ten highest daily totals for the period were ranked and plotted on 
a Gumbel EVl probability scale (Figure 6.1) from which the return 
period of a 45 nm daily total was estimated to be 1.2 years.
Clearly it is not possible to equate slope failures with daily 
rainfall totals in excess of some threshold (e.g. 45 mm), but 
nevertheless, this does give an idea of an upper limit to the 
number of such failures which could occur naturally in such a steep 
sided once glaciated glen such as Monachyle.
If we assume that a maximum of one such slope failure does 
occur every year (two occurred in 1985 and a further small one in 
September 1986, but none from 1982-5), and if the material removed 
from the hillside directly enters the main chEinnel as in the case 
of the Septemljer 1985 failure where upwards of 14 t of coatrse 
sediment and an unknown quantity (< ' 40 t ) of suspended sediment 
entered the system, then this corresponds to an average yield of 
around 9 t km"* yr"* which features as a significant sediment 
source in the catchment sediment budget. However, this is a 
maximum possible contribution and it is doubtful whether slope 
failures in these regions are £is significant as this estimate 
suggests. The occurrence of three slope failures during the 30 
month study period in Monachyle glen (one within the gauged 
catchment) is, I would suggest, exceptional. If we sissume more 




6.2 Mainstream channel banks 
6.2.1 Bank erosion dynamioa
The erosion pin surveys indicated mean bank retreat rates 
of 4 to 19 mm per 3 montiis (Figure 6.2), with st£indard errors 
varying from 1 to 3 mm. Average annual retreat rates were 42 and 
63 ram on the forested and moorland mainstreams respectively. This 
is comparable with average rates measures by Cummins and Potter 
(1972) on the Bradgate brook, Cropston reservoir, Leicestershire 
who report erosion rates of 30 mm yr-^and by Hill (1973) for bank 
erosion rates in glacial till in Northern Ireland who reports 30-60 
mm yr*^. At Badquhidder a clear seasonal cycle is apparent with 
maximum bank erosion in the January-March period in both catchments 
in both years.
In order to investigate the relative importance of various 
factors affecting bank erosion which might help to explain the 
observed variations over the yeau* mean daily erosion rate over the 
three monthly periods (ERRATE) was correlated with various frost 
and streamflow predictors. The predictors selected were:
FROST vhich is simply the number of days on which the grass minimum 
temperature at the nearby IH Tulloch Famn weather station went 
below 0®C, FR0ST<-1 ,FROST<-3 auid FROST<-5 are the number of frosts 
which recorded temperatures below -1 and -3»C respectively (these 
are presented in Table 6.2 later). A number of streamflow indices 
were used. QMEAN is the meaui dischairge over the period, QMAX is the 
maximum inatamtaineous discharge over the period aind QSLM is the 
total discheu-ge which paissed the gauging stations within the 
period. Also, various flow thresholds as used in the bedload
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Figure 6.2: Mean rates of mainstream banlc erosion for three-monthly 
periods from September 1984 - September 1986.
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transport analysis in section 5.3.1 were used. On both streams T > 
QMEAN was the time in hours when the stream discharge exceeded the 
mean annual discharge, T > 2 and T > 4 (in Kirkton) and T > 4 and T 
> 8 (in Monachyle) are times (hours) vdien streamflow exceeded 
discharge thresholds of 2, 4 and 8 m^s-i. The streamflow 
parameters were estimated from IH streamflow records. Table 6.1 
presents the Pearson correlation coefficients for erosion rate with 
the various predictors for both streams. The stars indicate the 
level at idiich the coefficients aû e significant and it is clear 
that the frost indices correlate better with erosion rate than any 
of the streamflow indices. Only coefficients higher than 0.666 are 
significant at the 5% level, and so it is only the frost indices 
for the moorland stream which are significant at the 5% level 
(FROST < -3 is significant at the 1% level). That frost is am 
important factor affecting bank erosion was suggested back in the 
1950’s by Wolman (1954) and more recently has been supported by the 
work of Lawler (1986) in south Wales. At Balquhidder, it may well 
be the influence of the trees on the forested Kirkton stream idiich 
results in the frost indices correlating less well with bank 
erosion rate. Nevertheless, the frost indices are still much 
better predictors than any of the streamflow indices.
In autumn 1984, at the start of the project, some 14 
maximum/minimum thermometers were located on streambanlcs, 9 in the 
forested catchment (3 of these above the tree line) and 5 in the 
moorland catchment, eind the minimum temperatures read on 13 
occasions between October 1984 and March 1985. On averaging all 




banks against drying out and frosts (e.g Maddock 1972, Charlton,
Benson and Brown 1978, Keller and Swanson 1979, Stott 1984).
However, these studies referred to open banks vegetated by 
undergrowth as well as mature trees and in contrast to the findings 
here, Murgatroyd and Teman (1983) for example, working on a 
coniferous forested reach of the Nau:rator Brook in Dartmoor found 
that more active bank erosion was taking place in the forested 
reach and that the channel capacity was double that predicted from 
the basin area. This they attributed largely to the suppression by 
the forest of a thick grass turf and its associated dense network 
of fine roots. Zimmerman, Goodlett and Comer (1967) working in 
small catchments in the US observed that different reaches on the 
same stream varied in width depending upon whether the banks were 
lined with trees or sod (a thick grass mat). They found that the 
mean width of stream reaches with forested bsuilts was significantly 
greater than that of reaches with sod banks.
Since the erosion pins used at Balquhidder were installed 
in verticals in the banks with a 0.1 m spacing it has been possible to 
analyse vertical differences in erosion rate on the banks. Table 
6.3 presents mean erosion rates for the first two survey periods 
(October to December 1984 and December to March 1985) on both 
mainstreams averaged according to the height on the bank. In both 
mainstreams maximum erosion rate was between 30 and 50 cm from the 
bank top and the vertical profiles are plotted in Figure 6.3. From 
observations of the streambanks over the study period this 
undercutting process appears to be followed by collapse of the 
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jjeriods for Moneichyle and Kirkton mainstreams. The 
horizontal scale is exaggerated, the number of erosion pin 




Plate 6.1 ^fainst^ealn banlt collapse in Monachyle. This reach is in
the middle section of the Monachyle mainstreEun. The 
mechanism postulated for banl( erosion is a continuous cycle 
of undercutting followed by collapse of turfs as seen here.
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6.2.2 Bank erosion inputs
In order to estimate the contribution of sediment to the 
system from the channel banks it was necessary to extrapolate the 
average measured forest and moorland erosion rates of 62 and 43 nin 
yr'i to the estimated area (240 and 250 m*) of actively eroding 
banks. This gave volumes of sediment equivalent to 10.3 and 15.8 
m^ for the forest and moorland catchments respectively. This 
volume was converted to a mass of sediment by estimating the 
average bulk density of bank material from samples taken from 
typical banks. Average bulk densities were estimated to be 1.16 £uid
1.04 idiich gave total sediment inputs of 12 and 16 t yr-‘ for the 
forest and moorland catchments respectively. This corresponds to 
total catchment yields of 1.6 and 2.2 t km* yr"‘ over the two year 
survey period.
Samples of bank material analysed for their grain size 
distribution showed that the material was predominantly fine 
grained with 72 and 93% finer than 2.8 ram in the forest and 
moorland catchments respectively showing that most of the sediment 
coming from bank erosion is finer than 2.8 mm £ind would therefore 
be ssunpled as suspended sediment in this study. Figure 6.4 shows 
typical grainsize curves for the channel banks (including forest 
drainage ditches) as well ais some other likely sediment sources 
such as roadside banks. Grainsize curves for bulk sediment ssunples 
taken from the tributary bed and side bars are plotted for 
comparison. The curves show how material sampled from the banka 
contains more fines, presumably because the fines have been 
transported out from the bed material.
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6.3 Mainstream bed scour aixl fill
The technique employed to assess changes on the stream bed 
attributable to scour and fill of coarse sediment was to relevel 
cross sections as done in previous studies (e..i{. Wiitritty and 
Ferguson 1980, Mi.sloy 1981, Murgatroyd and Teman 1983). Twenty 
seven channel cross sections were levellrxi in all (83 in Monachilo, 
as Ifjcalf'd in Figure 3.4), and 4 on a short accessible reach in 
Kirkton forest) and these were resurveyed on six occasions ovm- ihe 
30 month period October 1984 - April 1987. From the results of the 
cross-section levelling replication exercise detailed in section 
3.3.2 any changes in mean bed height within the error limit of 12 
mn should be viewed with caution since they may not be real, but 
rather may be due to surveying error.
Table 6.4 summarises the net changes in mean bed height of 
all the sections surv'eyed and so deals with net changes in mean bed 
height (and therefore total amount of sediment flux in the last two 
columns) over the total length of channel over which the cross 
sections were relevelled. In the caise of the Monachyle the length 
of channel from the first to the last section is 830 m and the mean 
width of the gravel levelled for 23 sections is 8.8 m. The Kirkton 
reach was 50 m long and the mesui width of gravel for the 4 sections 
was 14 m. If we assume that the cross sections are representative 
of the whole reach, said that the bulk density of the sediment is
1.4 t m"* (as estimated from bulk samples taken from sediment 
traps), then it is possible to estimate the total mass of sediment 
(t) which has been deposited or removed from the channel reach as 
the prodtict of the change in mean bed height (m ), reach length (m ),
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meEm gravel bed width (m) and estimated sediment bulk density (t 
m-*). Also, from the levelling replication exercise it is 
possible to represent the error in estimating mean bed height in 
terms of tonnes of sediment in the same way eind these estimates acre 
presented in the last two columns of Table 6.4«
In all cases in the Monachyle the estimated levelling 
error, represented in terms of tonnes of sediment, exceeds the 
measured changes. Only in the first period over winter 1984-5 
does the measured change in channel sediment storage even come 
close to the estimated error. However, even though it has not been 
possible to compute these chauinel sediment storage changes with any 
certainty. Table 6.5 is a sunmary of changes in mean bed height for 
individual cross sections in each of the resurvey periods 
throughout the study and this certainly does show local changes in 
mean bed height which are well in excess of the estimated 
measurement error (12 mm) and can therefore be assumed to be real. 
Groups of sections marked B, E and F are on meauider bends (see 
Figure 3.4), and meander bend B shows consistent deposition in 
excess of the error in all four sections in periods 1 and 5 whereas 
meander E shows scour in period 2 and deposition later in periods 4 
and 5. A slug of sediment was delivered to the channel just 
upstream of sections FI and F2 by the slope failure on 17 September 
1985. Section 6.1.1 discussed the effect that this seemed to have 
on mean bed height chamges.
In the Kirkton reach, however, the estimated sediment
accumulation over the reach is only exceeded by the measurement
error in the first survey period, the second and third periods 
showing net sediment accumulations vdiich appear to be real.
212

6.4 Effect of disturbance
The effect of the forestry operations in 1986 on hillslope 
and bank erosion sediment sources does not appear to be significant 
at this early stage, any changes will probably only become apparent 
in the longer term. It is therefore not possible to present 
results in this section but merely to speculate on the possible 
longer term effects based on the findings of the study so f a r .
6.4.1 Afforestation
On the beisis that slope failures appear to be a feature of 
the moorland catchment only, no such failures having been noted in 
the afforested Kirkton glen, it might be reasonable to assume that 
afforestation in the Monachyle glen would help to stabilise at 
least the lower slopes in the longer term. However, it must be 
noted that of the three slope failures which occurred in the glen 
within the study period, two were at a low level which had been 
planted with young saplings in one case, and was about to be 
planted in the second case. The third landslide furthest up the 
glen and within the experimental catchment (reported in section 
6.1) actually had its source area well above the proposed tree-line 
where the slope angle is steeper. A large slope failure which 
occurred at Loch Lomond in the summer of 1985 (Ferguson pers. comm) 
had its source upslope of a forestry plantation, but flowed 
downslope through the forest uprooting trees and a fence on its way 
to the loch. It is therefore unlikely that afforestation would 
prevent future slope failures of this kind but tree roots in 
landslide source areas may help to stabilise the material and 
prevent large maisses of soil becoming mobile. However, once the
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source material of a slope failure is in motion afforestation is 
unlikely to stop it as evidenced by the Loch Lomond slide mentioned 
above. Further effects which may occur at the time of canopy 
closure will be to block out light and thereby inhibit undergrowth 
(currently a grass/heather/bracken complex). It is this dense 
vegetation cover which is inferred as preventing any significant 
fine sediment (slope wash) coming from the hillslopes (section 
3.4).
Moving on to look at the effect which afforestation may 
have on streambank erosion, it may well be that the new policy of 
leaving wide riparian buffer zones alongside streams (unplanted 
with coniferous trees, but left either to regenerate naturally or 
possibly planted with some broadleaf species such as alder, willow 
or hazel) will prevent canopy closure over the streams and benefit 
stream ecology in general (Smith 1980, Mills 1985). In the early 
stages then, there should be little or no effect on bank erosion 
since frost, which has been diagnosed earlier as the most important 
factor affecting bank erosion in these catchments, will be able to 
attack the banks until the bankside vegetation matures. Even later 
idien the broadleaf riparian zone has matured, it will not have such 
a good insulating effect aigainst frost Sls the coniferous trees 
since the leaves are shed in winter when frost activity and banli 
erosion are highest (see Figure 6.1). This may be compensated by 
mechanical strengthening of the banks by the broadleaf tree roots 
in combination with the rooting of undergrowth which would not be 
inhibited under broadleaf trees. However, this is only the case 
for the mainstream channel banks which contribute less that 5% to
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the total catchment sediment yield. There is not £is yet a policy 
to leave riparian buffer zones alongside tributeiry streams or 
drainage ditches. A simple calculation in section 7.1 shows that 
if only 5-10% of the catchment sediment yield is coming from 
erosion of the mainstream banks, then most of the remainder must be 
provided by erosion of tributary banks and drainage ditches. It 
appears that the suppression of undergrowth (grass/heather/mosses) 
caused by the canopy closure of coniferous afforestation auid seen 
in Plate 6.2 leads to unvegetated banks which are vulnerable to 
erosion a s is the case with the old drainage ditch seen in Plate 
6.2. It has been suggested l.luiL it is the presence of undergrowth 
on thf' UinKs vyliidi helps to protect streambanks from erosion 
(ZimmemiEin, Goodlett and Comer 1967, Stott 1984). llius, 
major tributaries, at least, should also be allowed a riparian 
buffer zone also?
6.4.2 Def prestation
Again, no results for the effects of felling activities on 
these sediment sources are available in the short time since 
clearfelling began. Longer term effects can only be speculated. 
Logging of primary natural forests in the Pacific North West, U.S, 
has been associated with severe erosion and increased sediment 
yields fron road construction, landsliding and increased streambank
erosion (Brown and Krygier 1971, Roberts and Church 1986).
4  forest
Findings from the H.J. Andrews Experiment^(see section 1.2) 
attributed the landsliding and increased sediment yields to road 
building at the time of logging. However, in the British case in 
general, and at Balqxjhidder in particular, the roads are already
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established from the time of planting and since they have had at 
least 40 years to stabilise, decreases in slope stability and 
subsequent failures are not likely to be as dramatic zis in the 
Pacific north-west U.S. However, less spectacular effects may 
ensue as a consequence of the sudden removal of a canopy vdiich can 
intercept (and even re-evaporate or transpire) anything up to one 
quarter of the incoming precipitation (Newson 1979). First, more 
water in total will reach the streams and this will most likely be 
in a shorter time after rain starts. Bigger floods and faster 
times to peak may result (see Hewlett and Helvey 1979). Secondly, 
since rain will be falling on newly exposed ground, especially in 
the first few years after clearfelling, intense rainfall could 
remove hillslope sediment by splash detachment and overland flow 
processes. Sediment removed may either be temporarily stored in 
hillside hollows or enter stream courses directly. Much will 
depend on the magnitude and frequency of rainstorm events between 
the time of clearfelling and canopy closure of the second crop 
(10-20 years).
Forest removal from alongside streams could have a tiJO-fold 
effect on streambank erosion. First, large trees felled on 
streambanks can fall into, across, or away from streams. This can 
damage and loosen the structure of the banks unless care is 
taken to fell trees away from streams. Secondly, the 
removal of the tree canopy would allow frosts to act on the unvegetated 
banks with no established undergrowth, the results of which could 
be lau'ge increases in bfimk erosion in the early years after 




7.1 Pre-disturbance sediment budgets (Phase I)
This stixly has been an attempt to integrate a range of 
erosion aixl sediment monitoring techniques in sediment source 
areas and combine Uiem with IH catchment sediment output measurements 
to construct sediment budgets. Four- land use types were 
encompassed in the experiment: moorland and mature forest in Phase 
I and ploughed/ditched moorland and clearfelled forest in Ríase II. 
One of the major problems in any geomorjAiological study, and this 
study is no exception, is that of timescale and magnitude and 
frequency of events (Cullin'tford et al. 1980). Walling (1978) has 
suggested tliat at least ten years of data collection is required to 
characterise the sediment regime of a particular stream or river. 
Clearly, the very short calibration period permissible in a Ph.D 
study of this type, and even the 3 - 4  years of IH monitoring must 
leave doubts as to the repr<;sentativeness of sucli short-term 
moni I oririg. A second problem lies in the use of different 
monitoring techniques to calibrate different pai-ts ol the budget 
(e.g. for bedload - trapping in the tributaries and Helley-Smith 
sampling at the outlets). Neveitheless, in most cases the sediment 
monitoring techniques in the source areas and at the outlets were 
either standard (e.g. automatic liquid samplers, Helley-SiniUi 
bedload sampler) or had been used successfully elsewhere (e.g. 
lloiul trapping.
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trapping, erosion pins, cross section relevelling) but even so all 
these techniques are prone to errors. Many types of error are 
inherent in this type of study right from the initial field 
sampling stage through laboratory analysis to statistical and 
computational error. Some of these errors are simply not possible 
to estimate and therefore have to be considered negligible or to 
cancel each other out. For others, it is possible to make a 
statistical estimate of the likely error £ind therefore to define 
limits between which, with a certain probability, the true value 
lies.
Considering first the measurement errors at the field 
sampling stage it is the duty of the observer or field worker to 
try to minimise bias and to be as objective as possible at all 
times. Nevertheless, situations arise wJiere subjective decisions 
have to be taken - an erosion pin in a streambank appears to have 
moved or has been bent, a bedload trap appears to have overflowed 
or the intake nozzle of an automatic liquid sampler has been buried 
by gravel. How does the fieldworker ensure objectivity in these 
situations? Obviously, a certain unmeasureable amount of human 
error has to be accepted. Measurement errors have been estimated 
and discusst'd in the respective methods or results sections for 
erosion pins (6.2.2), cross-section levelling (3.3.2 ar»d 6.3) and 
suspended sediment analysis (3.1.2) and load estimations (5.2.2). 
Measurement technique and the associated errors, if lBu*ge enough, 
can present difficulties when trying to compare findings with other 
studies in similar environments (Newson 1981). However, when 
c'omparing before and after treatment results as is also done in
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this study (see section 7.2), the problems of measurement technique 
and error should remain constant throuifhout and any changes 
detected should be real.
Figure 7.1 (a) is a schematic sediment budget for the 
Balquhidder catchments faeised on 1982-1985 output data and 1985 
source data for the Phaise I pre-disturbance period. There may be 
large margins of error in the calculations of both inputs and 
outputs of sediment. Tables produced by Ferguson (1987) based on 
scatter about the rating curves, saii9>le size and rating curve slope 
suggest that the estimated errors are of the order of +/- 20X for 
the suspended sediment load estimations. Taking first 
the Monachyle (moorland) catchment, there seems to be a good 
agreement between the 'inputs’ measured in the source areas and the 
'outputs’ measured at the whole catchment scale for both suspended 
sediment and bedload i.e. a high delivery ratio from source areas 
to outlet. When the measured tributary suspended load is added to 
the mainstream bank erosion input and the estimated slope failure 
contribution there is almost an exact match. However, it must be 
borne in mind that the slope failure vhich occurred in the moorland 
catchment in autumn 1985 (see Figure 7.1 (a)) may well be an over 
representation of this sediment source. As years go by without 
fuidher failures (or contributions of such large slugs of sediment 
directly to the channel) tlien the average contribution of this one 
slope failure would become less and less significant as time went 
on.
The tributary bedload input also agrees reasonably well 
with the outputs but it must be remembered that tributary bedload
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is sediment coarser than 2.8 mm only (with the finer proporticm 
which is trapped dcxiucted) whereas the outputs are for sediment 
trai)i>«xl hy llui Helley-Smith bedload sampler, i.e coarser that 0.125 
ram (the mesh size of Helley-Smith ba^s). Bearing this in mind 
there may not be such a good agreement as the budget diagram in 
Figure 7.1 (a) implies. For example, the median particle size 
(Dso) for bedload reaching the catchment outlets is 3.5 mm 
(Johnson, pers. comm) idiich is finer than the Dso of 32 mm for 
bedload sampled in the tributary bedload traps (estimated from 17 
sub-samples). Even taking into account that the Dso'a are for all 
sediment coarser than 2.8 mm (tributaries) and 0.125 mm (outlets) 
the tributary Dso must still be coarser. T)»e indication is that 
coarse sediment supplied by the tributaries is not the same 
sediment as that pnssing the outlets - there seems to be an 
exchange somevhere in the main channel. One likely possibility is 
that bedload from tributaries accimiulates at their mouths in fans 
or beu:s at the side of the mainstream (on a smaller and longer 
timescale to the cone of sediment delivered by the slope failure), 
which is subsequently removed over a long period, the length of 
which may depend on flood magnitude and frequency ? Flood 
deposits measured by IH in both catchments have a Dso of about 64 
mm. It could be that tl»e extreme events in idiich tlie coarser 
bedload is transported has not been samplcxl by Helley-Smith 
sampling at the outlets, but it has accumulated in the bedload 
traps? One is left with the conclusion that channel storage of the 
coarser sediiiKint (as trapped in the tributaries) must be an 
important process until a low frequency event might remove some of
224
this coarser material. Unfortunately the cross section survey woric 
reported in section 6.3, did not have sufficient sensitivity to be 
able to confinn tiiis. Hiere is undoubtedly a small coarse sediment 
contribution from channel banka, but grainaize analysis of bank 
material suggests that more than 70% is finer tiian 2.8 mn. In tlie 
sediment size classification used in this study (Table 3.1) this 
would be classified as suspended load. However, some of the 
coarser fractions could still be sampled by the outlet Helley-Smith 
sampling and therefore be counted aus bedload. It seems that only a 
very small proportion of the total coarse sediment stored in the 
mainstream channel passes out of the catchment annually. A crude 
estimate of the order of magnitude of the mainstream bed sediment 
store volume could be made as follows: length (2000 m) x mean 
width (5m) X mean depth (0.1 m) = 1000 m ’ of coarse sediment or 
about 1500 t wliich represents something like 600 years worth of 
bedload yield at the present rate. It does seem feasible that 
input from the tributaries is capable of balancing tlie sediment 
lost as bedload yield. Coarse sediment stored on the bed of the 
main channel therefore acts as a sink or buffer and consequently, 
small changes in this reservoir of sediment could have large 
effects on yields of coarse (and possibly fine) sediments. This 
study has not been able to deal adequately with this component of 
the sediment budget. Future sediment budget work should bear this 
in mirxl (see section 7.6). It must be also be noted that the 
calibration yeEU* for the sediment sources (1985) reported in these 
Phase I sediment budgets was wetter than usual with the mean annual 
catchment discharge being 0.4 - 0.5 m*s** higher than the average
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for 1983 and 1984 (see Table 4.1). Figure 7.2 shows the quarterly 
precipitation totals for Parithead weather station (Stirling) for 
the period 1973-85. The increasing precipitation trend and 
exceptional nature of the winter 1984 total (a number of slope 
failures were reported in the Ochil hills at this time by Jenkins 
et al. (in press)) and again the autimin 1985 totals (even higher) 
are clear. It was in autumn 1985 vhen two slope failures in 
Monachyle glen occurred. Extrapolation of sediment rating curves 
backwards to the 1983 and 1984 flow duration records gave load 
estimates 10-20% lower which were probably more representative than 
the estimates based on 1985. Even so, data collection during 1985 
(the calibration year for both suspended and bedload in 
tributaries) may have led to overestimates of yields.
Comparing now the Kirkton (mature forest) Phase I sediment 
budget (Figure 7.1 (a)) with the moorland budget, there is not the 
same good agreement between supply from the sources and outputs.
The estimated tributary suspended sediment yield appears to be more 
than double tlie catcliment output of suspended sediment. Ev«i 
taking into account the possible errors in estimating the loads 
(estimated from Ferguson (1987) to be of the order of +/- 20%) at 
the ojjposite exti-emes, there is definitely still a considerable 
niis-match. How can this be explained?
The first idea which must be considered is that the 
tributaries chosen as typical for the purpose of estimating 
tributary suspended sediment yield were in fact atypical and 
produced inflated estimates. Detailed suspended sediment 
monitoring was only undertaken in two (K4 and K8) of many
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tributaries (at least 14 major and numerous minor ones) in the 
Kirk ton catchment. Hie area drained by the two monitored 
tributaries corresponds to about 25% of the total catclunent area 
considered to be contributing sediment to the system (see unshaded 
areas in Figure 2.7). Hie actued. 1985 suspended sediment inputs to 
the system from tributaries K4 and K8 were 172 and 41 t yr-* and 
the other source measured (mainstream bank erosion) contributed 12 
t yr*‘. Hiis totals 225 t yr-> from about 25% (1.6 km*) of the 
total catchment area believed to be contributing sediment (or 
around 900 t yr** eis suggested in the budget). In order for 
tributary ’inputs’ (225 t so far from 25% of catxihment) to balance 
’outputs’ (366 t), the imbalance of 141 t (366 - 225) must come 
from the reiiaining 75% (4.8 km*) of the catchment. Is this 
realistic? If this is the case it would mean that the average 
suspended sediment yield from tlie rest of the catchment would need 
to be about 30 t km'* yr'*. Hiis is compeuable with the moorland 
tributary Suspended yields. It mi.glit therefore be possible that 
Uic (M>>rii 1 oriKl (r ibularjcs K4 and K8 were unrepresentative of the 
sediment yield of the catchment as a vhole and that I he figure 
reported for Kirkton tributary suspended sediment yield in the 
Hiase I budget is inflated. Hie bedload yields reported in Figure 
5.10 and Table 5.14 show that K8 has an unusually high bedload 
yield also.
A second possible explanation for the high tributary 
suspended yield was referred to earlier in this section. Hie 
exceptionally wet nature of 1985 (see Figure 7.2) as a calibration 
year for the tributary yields might have resulted in data
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cx)llection which was unrepresentative. HiuS| when unrepresentative 
rating curves are applied to the 1983 and 1984 flow duration 
records this may still result in over-estimates of yields. In 
contrast, IH data at the outlets was collected over tliree years 
(1982-5) and may not be as susceptible to this over-estimation 
resulting from the exceptionally wet 1985?
Lastly, if the measured tributary suspended sediment yield 
really is in excess of the yield measured at the outlet there is 
always the possibility that some proportion of the excess sediment 
becomes stored. The most likely explanation would be overbank 
sedimentation during floods and storage in the floodplain.
However, th« K i r M o n  niainstream within the catchment has only a few 
aT(!!iK that could be termed ’floodplain’ unlike in the Monachyle 
catchment where the nuiLnstream tends to meander far more (see 
Figures 2.3 and 2.4). The only other possible ’sink’ for this 
excess fine sediment is the channel bed itself. However, a simple 
calculation would suggest that if the excess quantity of sediment 
were all to be stored in tlie 2 km by 5 m wide Kirkton mainstream 
then the mean depth of sediment would be of the order of 5 cm ! 
Clearly this is highly unlikely and would be clearly noticeable.
In conclusion, there would be scope for some fine sediment storage 
between the tributaries and catchment outlet either on the channel 
bed or over banks, but excess from the tributaries is too large to 
be accommodated in either or even both of these stores combined.
Turning to the Pheise I Kirkton bedload yields which are 
averaged in the budget diagram, on a catclunent scale considerably
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more bedload leaves the outlet than is contributed by the 
tributaries. Again this could be a result of the different 
measureinent techniques and the fact that only sediment coarser than
2.8 nn is reported for the tributaries whereas all sediment coarser 
0.125 nm is caught in the Helley-Smith sampler. Again the Oso of 
Helley-Smith bedload samples is 1.0 mn (Johnson, pers. camn) and 
considerably finer than the average of 44 su1>-samples taken from 
the tributary bedload traps vhich had a Oso of 8.0 mn. From this 
it would appear that different sediment is leaving the catchment to 
that supplied by the tributaries as discussed for the moorland 
catchment earlier. If the apparent imbalance is real then the 
in-channel coarse sediment store must be depleted on this short 
timescale (only one year of tributary bedload monitoring in Ríase I 
compeured to three years at the outlet ). In both the tributaries 
and at the outlets, the forested Kirk Lon catchment bedload yields 
are much higher - more than double those of the moorland in the 
tributaries and five times higher at the outlet.
Comparing the suspended sediment yields (in brackets on 
Figure 7.1 (a)) of the forested with the moorland, catchment outputs 
seem to be about one and a half times higher from Kiiiiton. Hiis is 
explained in Chapter 4 where the rating curves (Figure 4.1) show a 
more sensitive link between concentration and streamflow from the 
forest indicating that there is a greater supply of sediment 
available for transport out of the catchment at a given discharge. 
Conversely, the suspended sediment yield of the moorland can be 
said to be more supply limited. Ihe difference in the catchment 
yields reported here is not as great as repotd^ previously by
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Stott et al. (1986) and Ferguson and Stott (in press) owing to 
extra data being incorporated into the rating relationships and 
recalculation of loads.
Tbe sediment input from mainstream bank erosion 
is of the order of 5 and 3% of total catclunent yield (12 and 16 t 
yr-i over the two year survey period) in the Kirkton and Monachyle 
catchment w respectively. However, it must be remembered that 
though this contribution seems small, it is an estimate for the 
mainstream channel banks only. Tributary streambank erosion was 
not directly measured in this study owing to the difficulties in 
placing and monitoring erosion pins in the frequently undercut and 
overhanging banks. However, a very crude and simple idea of the 
tributary streambank contribution could be obtained by 
extrapolating the average erosion rates measured on the mainstreams 
to an estimated area of tributary streambanks. The O.S 1:10 000 
topographical maps of the catchments mark only the larger tributary 
streams and since the forested catchment contains a network of 
drainage ditches (as does the moorland in Phase II of the 
experiment) as well, it is very difficult to estimate even the 
total length of tributary streams, and even more difficult to 
estimate the total area undergoing erosion mid therefore 
contributing sediment. However, considering only the streams 
marked on the O.S map (the larger ones) total stream lengths 
measured were 14 500 and 15 400 m in Monachyle and Kirkton 
respectively. If the mean tributary bank height is assuned to be 
of the order of 0.25 m, then using the erosion rates and bulk 
densities measured from the mainstream banks, the total tributary
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streambemk yields viould be in the retfion of 60 and 55 t km* yr~* 
for Monachyle and Kiritton respectively. Clearly, this type of 
estimate is extremely crude and prone to large errors.
Nevertheless it does serve to give an idea of the order of 
magnitude of the total bank erosion contritwtion.
Comparison of these streambank yields with the Hiase I 
total suspended sediment yields (Figure 7.1 (a)) shows that channel 
bank erosion, at the rates measured in this study, is capable of 
contributing enough suspended sediment to account for the total 
catchment suspended sediment yield. TTiis is logical since the only 
other possible sources for suspended sediment are channel bedrock 
weathering, in-channel pebble attrition and possibly some sediment 
carried as washload in hillslope surface runoff. All these sources 
are considered to be small or even negligible (certainly not large 
enough to account for anything like the total catchment suspended 
sediment yields). Thus, even though the budget diagrams portray 
the major suspended sediment sources as 'tributaries’ it must be 
appreciated that the source of the vast majority of the suspended 
sediment yield of tributaries (and associated drainage ditches) 
probably comes from bank erosion.
Finally, other methodological problems peculiau* to this 
study are:
(a) Although bedload trapping is the most suitable 
tec)mique for channel source areas and Helley-Smith sampling is 
most suitable for larger catchment outlets, there are obvious 
problems in reconciling the two types of data wiUi complete 
certainty. In this study the existence of ad hoc traps in the
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gauging weir pools has supported the estimates made from 
Helley-Smith sampling. Clearly, recording traps offer an 
attractive alternative (Raemy and Jaieggi 1981, Reid et al. 1985).
(b) It is clearly desirable to improve the seasonal rating 
curves for suspended sediment loads in both the LribuLai-ies and at 
the catchment outlets. The corrections applied probably make the 
estimated loads more accurate but rising and falling subdivision, 
for example, should be an aim for all seasons, backed by continuous 
records through floods to detect exhaustion effects. Phase II 
suspended sediment data collection and analysis in particular 
cj_early needs some form of sub-Klivision into smaller timescales in 
order to improve the estimates as discussed in section 4.2.
(c) The harsh and unusual climate of Balquhidder 
invalidates the use of standard seasons in sediment studies. There 
are pjarticular problems of successful data collection in winter and 
these unfortunately impair the utility of automatic samplers and 
turbidity meters. The turbulent high energy nature of these 
mountain streams means that relatively coarse sediment becomes 
entrained and transported in suspension during storm periods at any 
time of the year. In the author's experience, this makes the 
calibration and performance of tux-bidity meters (used successfully 
elsevdiere in lowland rivers, e.g. HRS 1977, Truhlar 1978, Walling 
1977, 1978, 1982, Brabben 1981, Grobler and Weaver 1981, Carling 
and Douglas 1984, Finlayson 1985, Gilvear and Petts 1985) both 
difficult and unreliable during flood events vhen most sediment is 
transported.
(d) The relatively small fluxes of coarse material make
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direct assessments of storage changes difficult and tliis is clearly 
a weakness in this study. Further progress might involve routing 
sediments by size class over conmon time bases (e.g. Arkell et al. 
1983) and detennination of storage volumes from wiiicli changes can 
be assessed.
Newson (1986) suggests that yields of bedload from 
mountainous or disturbed upland catchimints are etnomalously high in 
reintion l.o Ihfir area. Both Kirkton and Monachyle bedload yields 
are ,  however, une><iJ<x;tedly low. Walling and Webb (1981a), in their 
survey of Hritish suspended sediment yields estimated at river 
gauging sites, found suspended sediment yields ranging from 0.8 to 
488 t km* yr'i. The Phase I yields at Balquhidder fall well within 
this range. Die Monachyle Hiase I yield also falls within the 
range of upland (moorland) catchment sediment yields estimated from 
reservoir’ surveys in east centr’al Scotland by McManus Esxl Duck (in 
press). The Kirkton Ríase I yield, however, is comparable with 
their highest estimates. The suspended sediment proportion of the 
yields are, however, anomalously high. At Plynlimon the suspended 
load contributed 49 and 24% of total load in the grassland and 
forest sub-catchments respectively (Newson pers. comm) whereas at 
Balquhidder suspended load contributes more than 97% of the total 
load in both catchments. Duck (1985) has pointed to the major 
I' jvtc'l. of disturbance on suspended loads in a nearby stiaam in Glen 
Ogle and it may well be that bedrock, drift and soil factors in 
Üiis part of Üie Highlands explain Uie relative proportions of the 
two forms of sediment transport.
234
7.2 Post-disturbanoe sediment budgets (Phase II)
7.2.1 Effects of afforestation on the sediment budget
Figure 7.1 (b) shows schematic representations of the 
catchment sediment budgets for the first eighteen months since 
ploughing and draining in Monachyle and clearfelling in Kirkton 
started. Clearly the most drastic effect from the ploughing and 
draining operations in the Monachyle catchment has been to increase 
the catchment suspended sediment yield three-fold. However, this was 
not detected in the one tributary source area studied where it 
seems that the Phase I suspended sediment yield of tributary Ml may 
have been diluted by sediment free water issuing from a cross-drain 
installed upslope (see section 5.4.1). Clearly it would have been 
desirable to have conducted the same type of intensive suspended 
sediment sampling in at least one other moorland tributary stream. 
During Phase I some suspended sediment sampling wsis carried out in 
two other tributaries for short periods but the termination of the 
road at the bottom of the catchment near tributary Ml meant that 
retrieval of bottle crates on foot from further up the catchment 
was too time consuming to fit into the existing monitoring 
programme in the post-disturbance period and it was decided to 
concentrate efforts on Ml. In retrospect, perhaps this was a 
mistake and weadiness in the monitoring design, since it has largely 
left una/iswered the question of vhere the appeirent trebling in the 
catchment suspended sediment yield has come from. It is only 
possible to suggest explanations witli liindsight based on the 
experience of visiting the catchment weekly and photographing the
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ploughing and drainage operations. Hie hand sampling during a 
moderate flood event described in section 5.4.1 (Figure 5.12) 
showed that the water draining from the drainage dittii cut into 
peat in the Ml sub-catchment had very low suspended sediment 
concentrations indeed. Based on tliis piece of evidence alone it is 
not possible to pin point the plough furrows or ditches in this 
particular sub-catchment at that particulai* time. However, in 
other pEurts of the catchment coarse and fine sediment has been 
observed issuing from the downslope end of plough furrows and 
ditches onto the unploughed buffer zone as seen in Plates 5.2 and 
5.3. It can only be assumed that during storm events considerably 
more fine sediment has found its way through the buffer strip and 
into the mainstream than had previously been assumed. Previous 
studies have pointed to plough furrow and drainage ditch erosion in 
particular as the source of the extra suspended sediment leaving 
the catchment following forestry ground prepeu^tion (Robinson 1978, 
Newson 1980b, Burt et al. 1982).
Even though tributary suspended sediment monitoring showed 
no increase, coarse sediment trapped as bedload in two of the three 
tributaries equipped with sediment traps did show three and 
four-fold increases inmediately following the ditching operations 
(see Figure 5.13 Euid Table 5.14). Since output data for bedload in 
Phase II au-e not yet available it is not possible to conment on 
whether or not this has increaised also. One further possible source 
might have been created during the ploughing and ditching work viien 
the ploughs and ditching machines had to cross streams on their way 
up the catchment. The streambanks and streambed are disturbed
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pericxlically releeising fine sediment. Over the viiole catchment 
this source has undoubtedly made a contribution to the lanfe 
increases at the catchment outlet. Oily an examination of the 
dates and times of suspended sediment sample collection at the 
outlet compared with the ploughing and ditching work schedule could 
reveal vAiether or not many of the highest concentrations coincide 
with the timing of the work or whether the highest concentrations 
were taken during subsequent flood events. This kind of ai^roach 
to future estimates of catchment sediment yields could well refine 
the current provisional estimates beised on one single rating 
relationship.
Clearly, it has not been possible to adequately identify 
and monitor the new sources of sediment vAiich have obviously been 
created by the ploughing and ditching of the catchment. The 
tendency is to suggest that the plough furrows and ditches in 
peirticular, especially where they are deep enough to expose the 
erodible mineral soil beneath the peat as seen in Plate 5.2, must 
be the major new sediment sources. Streeunbeoik erosion of both 
mainstream and tributaries will remain eis the other major source as 
it was in Fhase I.
7.2.2 Effects of clearfelling on the sediment, hufiget
As in the moorland catctunent the striking cliange in the 
sediment budget is that suspended sediment outputs have undergcxie 
what appears to be a seven-fold increase. Again it must be 
emphasised for the reasons given earlier, that this is a 
provisional estimate in need of refinement. Results from the
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tnonitoriog tn the source areas seem Lo point to roads and stacking 
areas in jiar'ticular (section 5 .4 .2 )  as the main new sources of 
sediment contributing to tlie increased catchment yield. Hie 
calculations at the end of section 5.4.2 • bearing in mind that 
erosion rate (for the purposes of this calculation) was measui'ed on 
a road cut-bank and not on road surfaces (which therefore may 
invalidate its use to a certain extent) | neverhteless, ci"udely 
indicate that erosion of the bare areas alone can account to a 
large extent for the measured increases in catctiment sediment 
yield. However, as the study of the southern stacking area 
concluded (section 5 . 4 .2 ) ,  as much as half of the sediment eroded 
from these bare surfeu^es can be temporarily stored (in roadside 
gullies, hollows or trapped in vegetation for example) and flushed 
out at a later stage.
Further contributions to the catchment sediment yield might 
he expected from stregmtank erosion in th<i future as discussed in 
( l ion 6.-1.2, l)ul up until the end of the field study period (May 
1987), very little tree felling alongside the mainsLreajii lux) lx;<!ti 
carried out. However, a considerable amount of felling had been 
carried out on the banks of tributaries on the west side of Uie 
catchment (unfortunately those not monitored for suspended sediment 
yield) axMl it is likely Uiat this will have caused localised damage 
to banka and thereby released new supplies of fine sediment.
The sediment yield increases resulting from ploughing and 
drainage ditching in Monachyle are compeu^ble with those reported 
at both Coalburn (Robinson 1980) and in north Yorkshire (Burt et 
al. (1982). To date there is no other published British data
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7.3 Problems and management implications
TTie catchment areas of the upper Monachyle and Kirkton 
glens have been selected for the Balquhidder experimental study 
because they are typical of the many glens in upland Scotland viiich 
are scheduled for afforestation (and some deforestation) in the 
next few decades. It is in these areas that many of our salmon and 
trout rivers begin, arising from the extensive network of small, 
fMt-flowing first and second order tributau'ies (like those studied 
in this project) vdiich serve as the spawning and nursery grounds of 
these economically important fish species. It is the fish life of 
these mountain streams vAiich is held in delicate balance and is 
probably the best indicator of a ’healtliy stream’. If tlie physical 
properties of these streams remain suitable and are not threatened 
by human induced changes such as afforestation, then fish life 
should continue to thrive. However, an increasing number of 
research studies are beginning to detect eidverse changes in both 
the physical properties and water quality of these streams. This 
means that characteristics such as channel geometry, flow regime, 
sunlight (including shade and cover), temperature, acidity and 
chemical balance (including toxic herbicides and fertilisers), 
dissolved oxygen content and suspended solids and silt content must 
be preser’ved in, or as close to, their natural state as is 
reasonably possible. This study has been concerned with just two 
aspects of the aforementioned sti'eam properties - the stream 
channel geometry and the suspended solids and silt content of these 
mountain streams. Clearly, since such a delicate balance exists 
between fish life and each and every one of these stream properties
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on the one hand, and since IK Government policy advocates the need 
for extensive new afforestation (and of course harvesting of 
existing plantations) in these sensitive environments on the other, 
thra only by exercising the most stringent and thoroughly tested 
management practices can this threatened British mountain stream 
environment and its breeding fish populations be protected. Brown 
(1980) reviews the interaction between forestry on the one hand and 
water quEdity on the other.
Hie Forestry Comnission, responsible for only about half 
of the proposed afforestation in upland Britain in the next 50 
years, has its own management guidelines and policies idiicdi have 
been considerably updated in the recent past in the light of both 
Forestry Commission’s own and independent research findings. The 
Forestry Comnission publishes literature ranging from Policy and 
Procedure papers on Forestry Commission Objectives, Recreation, 
Landscape Design and Conservation in general to very specific 
booklets, lEiaflets and records concerned with such aspects as 
ploughing practice, road planning and drainage schemes referred to 
earlier (section 2.5). A particularly useful one of these leaflets 
is ’The Management of Forest Streams’ (Mills 1980) idiicdi deals with 
all aspects of stream ecology and puts forward forest management 
guidelines which are aimed at preserving and improving forest 
stream ecology.
However, drawing cxi the conclusions from this study, the 
large increases in sediment yield resulting both fron ground 
preparation for planting in Monachyle and cleeu-felling and 
associated roedlng activities in Kirkton indicate that a problem
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exists in this environment although similar effects have been
reported elsevhere (Robinson 1978| Burt et al. 1982> Francis 1987).
It is beyond the scope of this thesis to attempt to assess the
extent to vhich^life in the system can tolerate such increases in
fine sediment and silt. However, it is well docunented (Mills
1980, Ottaway et al. 1981, Milner et al. 1981, Carling 1984) that
' high turbidities and suspended sediment can reduce sunlight
penetration (vhich has direct effects on vegetation and algal
existence on vhich fish can feed) as well as settle out cxi the
gravel bed both suffocating developing eggs or alevins and
smothering insect larvawj living between the stones (again on v4ii<^
fish may feed). Further downstream other problems may arise
concerned with drinking water supplies (Greene 1987); increased
transport of nutrients, pollutants and contaminants (Oigley 1982,
Lewin et. al 1983, Macklin and Rose 1986); increasing infill rates
of reservoirs (McManus and Duck 1985) ^ .« causing operational
an^
problems (Oldman pers. comm.);^channel instability (Newson and 
Leeks 1987) but again only further research and specific case 
studies will enlighten us to the extent of the problem.
The increased sediment outputs have occurred for one or a 
combination of several reasons. Either the management practices 
are inadequate, the execution of the work has been careless and has 
not adhered to the guidelines or given the combination of terrain, 
soil type and climate it has simply not been possible to carry out 
the ground preparation and felling operations without causing the 
observed release of sediment. Many have claimed that Ixxsauae the 
effect of the forestry operations have beoi closely monitored in
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this experlmenti that extra care would have been taken to ensure 
¿ood practices were carried outi In the author’s experience this 
has not been the case and work in these catcdiments has been carried 
out in a ’typical’ manner. Also, in the case of the clearfellink, 
not all has been done by the Forestry Conmission - some timber was 
sold as standing sales and therefore has been extracted by 
contractors. What lessons can be learned?
On 4 November 1986, at the request of the Forestry 
Commission, both catc^iments were visited to review planting and 
felling progress in Mcxiachyle and Kiikton glens with respect to 
their effects on sedimentation of watercourses. The party 
consisted of Dr. Graham Pyatt (Head of Site Studies, Forestry 
Ckxnnission Northern Research Branch), two staff of the Aberfoyle 
Forestry Division concerned with planning forestry operations 
within the catchments. Dr. Rob Ferguson and the author. The main 
conclusions of the visit are worthy of note here and were 
simnarised in Dr. Pyatt’s report following the visit. In Kirkton 
glen the northern stacking area was visited first, Dr. Pyatt’s 
report notes that "recent road regrading had increased the sources 
of mobile material" but that remedial draining could be carried out •' 
by local staff. Next a 10 ha area being extracted by a cxxitracted 
forwairder was visited tdiere "in spite of elaborate thatching of the 
forest road there was evidence of sediment being washed off the 
road and from off-road tracks into minor tributaries. It seems 
clear that if forwarding had been possible and used over much of 
the 200 ha (sold to contract) there would have been a very 
significant increase in sediment reatdiing the mainstream." Also in
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Kii4tton glen we visited a site idiere cable crane extraction was 
taking place and concluded that this was relatively harmless as far 
as releasing sediment was concerned. Plate 7.4 shows the 
cablecrane or skyline extractor in operation. In Monachyle glen Dr. 
Pyatt was "surprised by the extent to vhich erosion had taken place 
in plough furrows before cross-draining was done." He added that 
"the ditches which have been put in mainly run down-vadley and in 
places have gradients that are steeper than ideed. A few of them 
are producing significant amounts of sedimenti the coarser part of 
vhich is presently being collected by the vegetation of the wide 
riparian buffer zone. The ditches will need to be watched during 
this critical first winter. Appreciable erosion may necessitate 
either re-routing or the digging of additional relief ditches."
The digging of remedial drains and ditches seems to feature as a 
method of countering erosion problems in both catchments by Dr. 
Pyatt. By the end of the fieldwork period in Meo  ̂1987 there was no 
sign of this having been done in either catchment. Perhaps if it 
had been done then the increased catchment sediment output might 
not have been as significant.
7«3.1 Minimising sedimentation from plfM^hing aryl rfrwinnga
Mills (1980) suggests that in order to catch silt where 
drains are lesuling to streams they should either be tapered in 
depth and stopped 15-20 m short so that the water discharging from 
the drain has to filter through the ground vegetation, or, in areas 
of high rainfall, a stnqp should be taken out Just before the drain 
opens into the watercourse. On very steep slopes he suggests that
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a large V-type suqp drain shotild be cut along the bottom of the 
slope to trap debris v^ich is carried down the plough furrows. 
Either of these suggestions might prove useful in Monachyle glen 
and in other steeper Uian ideal sites. Robinson (1979) reported 
similar increased sediment yields but noted a recovery to a new 
equilibrium level within 5 years v4iicli was higher than the 
pre-disttirbance yield. This is leurgely explained by revegetation 
of the drainage ditches and plough furrows vdiic^ began in the 
Monachyle plough furrows very soon after the work was completed 
(see Plate 7 .1 )  but there was little sign of vegetation in the 
drainage ditches by the end of the study period in May 1987. The 
recently evolved practice of leaving an unploughed and unplanted 
buffer atrip alongside the mainstream was csuried out in the 
catchment (see Plate 7 .2 )  vAiich is a good improvement on the 
planting practice of about 5 years ago in the lower peurt of 
Monachyle glen (see Plate 7 .3 )  when young trees were planted right 
up to the mainstream. By May 1987 no broadleaf planting had been 
carried out in this zone, but this is the intention (M.J. Stewart, 
Forestry Conmission site planner, pers. cooin.). Mills (1986) 
suggests small deciduous planting such as birch (B e tu la spp.), 
willow ( S a l i x  spp.), rowan (Sorbua au cu p aria L.) or alder {Alnus 
spp.). Alder grows vigorously and to prevent excessive shading and 
to allow access for recreation and stream management, it should be 
used in well scattered groups, especially along streams less than 
12 m wide. If willows are used they require regular basal pruning 
but their root systems are effective in strengthening banks against 
erosion (Graham 1973, Stott 1984). A variety of other species
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Plate 7.1 Revegetation of plough furrows in Monachyle only four
months after ploughing. The peat seen in this photograph 
appears to quite resistant to erosion (see Figure 5.12), 





suitable for water martiins has also been suggested (Greer 1979), 
including comnon ash {F rax in u s e x c e ls io r L.) and aspen {PopuJus 
trem ula L .) • Finally, the Forestry Commission research division is 
experimenting with methods of planting which would not require 
ploughing at all. Instead, various mulches are applied around the 
young sapling to supress weed competition. This they feel would 
reduce the problem of windthrow which frequently occurs alongside 
drainage ditches vAiere trees develop one sided root systems because 
they are unable to cross the drainage ditches. If planting without 
ploughing, and minimed. drainage, could be achieved in the future 
then problems of sedimentation such as reported would undoubtedly 
be reduced.
7.3.2 Minimiging sedimentation from roads, thinning, felling and
extraction
Most research concerned with the effects of felling 
operations on stream sedimentation is from North America vAiere 
studies such as that at the H.J. Andrews experimental catchmaits 
(see section 1.2) have pointed to road construction at the time of 
logging as the major cause of increased sediment yields. Studies 
of remedial methods to reduce the impact have also come from the US 
(e.g. Haupt and Kidd 1965, Ponce 1986, Sharpe and De Walle 1980). 
However, the forestry practices in upland Britain are somewhat 
different from north America where logging is of primary natural 
forests into vdiich roads have to be made for felling and extraction 
purposes. In Britain, the primary forests were clearfelled a few 
centuries ago so modem day clearfelling is concerned with forestry 
plantations. One major difference is that in general roads were
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constructed at the time of planting and so only need to be ijBproved 
and regraded at the time of felling. However, road construction 
within a catchment can considerably increase both erosion risks and 
the catchment sediment output as shown for nearby Glen Ogle (Duck 
1985) viiich is some 10 km NW of Kiricton glen with the same 
underlying geology and soils (see section 2.4). Here, the 
construction of an unmetalled road for agricultural purposes in the 
glen which crossed several left bank tributaries of the Ogle bum, 
one of the main influents of Loch Earn, resulted in a deposit of 
1824 t of sediment on the loch bed in 2 months which would have 
taken 20-25 years to aocnmiulate had the road not been constructed. 
Current Forestry Conmission policy is not to construct roads at the 
time of planting, no road being made into the Monachyle glen 
catchment, the reason being that felling and extracticMi technology 
is changing so rapidly at present that reading requirements for 
40-50 years time are simply not known - extraction could be done 
from the air! (M.J. Stewart, pers. comn.). Private forestry 
companies however, do still construct roads at the time of planting 
for reasons concerned with tauc evasion. However, although no new 
roaul construction was carried out in Kirkton glen, considerable 
poad regrading was required as well as the construction of stacking 
areas, which combined with the increased road usage frequently by 
heavy logging lorries as section 5.4.2 explains, has mobilised a 
vast new source of sediment.
From the management point of view it is clearly important 
proper drainage be incorporated into the road design and 
oonstruction to minimise erosion on the road surface, on the
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roadside banks and in roadside ditrfies. Vfater from roadside 
ditches should be discharged into natural watercourses at frequent 
intervals through culverts vAiere necessary, a simp to trap silt and 
debris being put in vhere water is directly entering stream 
courses. Special erosion-control tediniques may be required on 
roadside banks including such measures as intercepting trenches or 
terracing. Bare earth embankments and cuttings should, vhere 
possible, be left at a low angle of repose to encourage 
revegetation. Where the slope angle is steep, or erosion is 
severe, erosion-control netting manufactured by companies such as 
’Nation’, ’Landguard’ and ’Wyretex’ for example should be pinned to 
the slope and possibly even seeded with a grass seed mixture to 
encourage rapid re-vegetation. Road culverts should be carefully 
placed at the design and construction stage, both inflow and 
outflow ends (especiEdly for hanging culverts) being provided with 
rock or concrete aprons as stilling areas to reduce water velocity 
and prevent downcutting and erosion. Wherever possible culverts 
should be installed with a view to allowing the passage of fish on 
all watercourses frequented by them. In all cases the size of 
culverts used should be based on an assessment of the catchment 
area draining to it and local rainfall/runoff cliaracteristics.
As far as the effects of thinning, felling and extraction 
on sedimentation stream ecology and fish are concerned again most 
research has been cairied out in North America (e.g. Gibbons and 
Salo 1973, Meehan 1974, Meehan et al. 1969, Megahan 1972, Ramberg 
1977). The major effects of these activities can be changes in 
streamflow regime, increased stream temperatures, sedimentation.
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loss of nutrients, damage to spavining grounds, blockage of streams, 
prevention of the movement of migratory fish, and bacterial 
decomposition of any bark, wood debris or pine needles smothering 
the stream bed. Preventing the fall of lop and top (branches 
stripped from trees after they are felled) into streams is the best 
way to control the last three effects. Trees should be felled away 
from streams vhere possible and if tree tops, branches or logs do 
enter a stream they should be removed as soon as possible and not 
left to clog up the stream as seen in Plate 7.5. Before felling 
teams move away streams should be checked to see that they are 
clear of this organic debris which will otherwise create organic 
debris Jams vhich retain sediment (see section 5.3.4) and prevent 
the passage of migratory fish. This is in few3t one of the 
conditions laid down by the Forestry Commission to felling 
contractors, but judging by the amounts of organic debris in the 
channels in Kirkton glen and by the number of organic debris jams 
reported in section 5.3.4 (see Plate 3.6) it seems that these 
conditions are not adhered to or followed up. Perhaps these 
practices should be regulated and checked more stringently? When 
logs are to be moved care should be taken to avoid breaking the 
ground surface if possible vhich would release sediment. This can 
be done by avoiding the use of long skid-roads (especially on steep 
slopes), stacking logs well away from stream courses and not 
operating heavy equipment in or near streams. From observations of 
the snail area of timber extracted by forwarder in Kiikton glen it 
seems that this machine is capable of causing considerable damage 
to the ground and road surfaccjs vhich result in increased erosion
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and sedimentation. Considerably more thoui^t and control should be 
exercised when selecting v*iich areas are sxiitable for extraction by 
this method, particularly v*en extraction by the comparatively 
harmless cable crane method is being carried out on the adjacent 
steeper slopes.
Unfortunately at present the Forestry Comnission has no 
control over how timber sold as standing sale is felled and 
extracted by private contractors. Periiaps more stringent policies 
and controls should be exercised over all forestry operations in 
Britain, including the increeaing number o f  private groups now 
operating, rather than leaving the Forestry Conmission with its 
improved policies to lead the way in the hope that all otber 
foresters will follow suit. After all, around half of all forestry 
in Britain today is under the control of the private forestry 
groups. It seems time to tighten up regulations and check that 
good forestry management practices being cau*ried out 
particularly since a predicted 1.8 million hectares of Britain s 
uplands are scheduled for afforestation in the next 50 years.
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CHAPTER 8: CONCLUSION
8.1 SunDEury of findings
■Hie research reported in this thesis was designed to 
supplement Uie Institute of Hydrology 'black-box’ approach to 
monitoring sediment outputs from two paired catchments at the major 
disturbance phases of forestry operations. Ihis was achieved by 
identifying and monitoring sediment sources (see section 2.2, p.l9) 
within the catchments and adopting a sediment budget approach to 
combine the findings. During Ríase I,
a. sediment sources were identified as:
(i) mainstream channel beuiks - both catchment mainstreams were 
instrumented with erosion pins, average bemk erosion on the 
moorland mainstream being slightly higher than in the forest.
(ii) tributaiTy sub-catchments - in the forested catchment sediment 
traps were installed on six tributaries, two of which were 
monitored intensively for suspended sediment. In the moorland 
catchment sediment traps were installed on three tributaries, one 
of lAich was intensively sampled for suspended sediment.
(iii) mainstream channel beds - this large sediment store was 
identified as both a source and a sink for sediment. Cross-section 
relevclliog wtjs c a r r i e d  out in oitku' to attempt to assess chauiges in 
nHijin Uid height anci therefore sediment supply or storage. 
Unfortunately the estimated changes were usually wiUiin the 
estimated measurement error of the technique and could therefore 
not be claimed to be real.
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b. erosion rates or sediment supply in these source areas 
was compared with sediment yields at the catchment outlets. In the 
moorland catchment there is very good agreement between the 
estimated supply of both suspended sediment and bedload from the 
sources and the yields at the outlet which implies a high 
delivery ratio of near to lOOX. However, in the forested catchment 
the estimated supply of suspended sediment from the tributaries is 
well in excess of that measured at the outlet and this can only be 
explained by the selected tributaries being unrepresentative of the 
rest of the catchment. This is demonatratcid to be feasible if 
other sub-catchments within the forest have lower yields. Bedload 
supply from the tributaries is only slightly lower than that 
measured at the outlet. Ibis could be a reflection of the 
different measurement techniques or a real effect of storage of 
coEuse sediment on the mainstream bed. The delivery ratio is still 
in excess of 70%.
c. sediment budgets were constructed which compared the 
moorland and forested catchment. The major conclusions were that 
in both catchments more than 97X of the sediment was yielded as 
suspended load. Hie total sediment yield from the forest was one 
and a half times higher than from the moorland and this was 
attributed to earlier disturbance in Liie form of reading and 
ditching at the time of plsuiting.
In Phase II,
a. the major new sediment sources identified in the forested 
catchment at the time of preparation for clearfelling were the
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newly created timber stacking areas and roads (used by forwarder 
timber heu^esting machines and large timber removal lorries). 
Erosion and sediment yield from one of these timber stacking areas 
was monitored. In the moorland new sediment sources were 
identified in the drainage ditches but direct monitoring of this 
source was not undertaken and is regrettable.
b. monitoring in the original source areas identified in 
HiEise I was continued in exactly the same way in Phase II until May 
1987.
c. Preliminary sediment budgets for the first eighteen 
months of Phase II were constructed. The estimates are provisional 
but suggest that catchment outputs have increased three and 
six-fold in the moorland and forest catchments respectively as a 
result of ploughing/ditching and clearfelling and associated 
roading/stacking area activities. In the forested catchment supply 
from the one tributary affected by the stacking area construction 
increased but not as much as the catchment output increases 
suggest. The delivery ratio is higher than 1.0. In the moorland, 
the one monitored tributary showed a decreased suspended sediment 
yield after the sub-catchment was ploughed and ditched. This 
result was surprising and can only be explained by sediment free 
water issuing from the drainage ditch diluting the original 
tributary suspended sediment load. The bedload yield of the 
moorland tributaries, however, showed a four-fold increase. No 
bedload data for the catchment outputs was available for Phase II 
at the time of writing.
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8.2 Further research
A research investigation of this type attempts to find the 
ansvATs Id (iin-Hl.iotis. Some questions are answered but
irirvitably as knowledi{e is advanced a vdiole new set of questions 
arise as a result of the findings. Thus, some questions have 
remain unanswered and some new questions have arisen - these are 
the lines on which further research must be based.
Clearly, a weakness in the part of the study on the effects 
of the ploughing and ditching (Phase II) has been the inability to 
match the sxipply of sediment from the most likely sources (plough 
furrows and ditches) with the large measured increases in sediment 
yield measured at the catchment outlet. This certainly needs 
further research at the plot scale as well as the sub-catchment 
scale. The author is aware of one such study vhich is a Forestry 
Conmission contract awarded to Dr. Paul Carling (pers. comn) of the 
Freshwater Biological Association which is to be conducted in 
Scotland and will examine in detail soil erosion of plough furrows. 
A further weakness has been the inability to detect changes in 
channel storage of coarse sediment which has been shown to play 
such a significant role in the system (e.g. Trimble 1981). The 
moorland tributary bedload yields appear to be significantly higher 
than catchment outputs and yet no systematic deposition of coarse 
material on the main channel bed could be detected. Ihis was due 
to the large errors in the survey technique (see section 6.3) 
compared with relatively small fluxes of material. Perhaps 
detailed surveys of the channel bed losing electronic survey 
techniques (e.g. Leeks 1981), scour chains (Carling 1982) or
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netting pinned to the bed to detect deposition (Ashworth pers. 
comn) supplemented by larger scale sediment routing and tracer 
experiments which might use magnetic techniques (e.g. Arkell et al. 
1983) could be a way forward with this problem. From the pebble 
tracer experiments carried out in the tributaries in this study the 
approximate rates of coarse sediment transport are now known and 
this will be useful in designing further sediment tracing studies.
In Kirkton it would seem prudent to concentrate future 
research efforts on the 'bare areas’ (roads, cuttings and stacking 
are£is) as sediment sources and to relate sediment production to 
ro8ul usage sis done on the US (Megehan suid Kidd 1972, Reid and 
Dunne 1984), to model recovery rates (e.g. Fukushima 1987) and 
re-vegetation and to assess the effectiveness of the remedial 
practices proposed in section 7.4.2. Also, due to the initial 
uncertainties in the felling progranme the tributary selected for 
detailed sediment monitoring (K8) wsts not clesu-felled during the 
study period and so the actual effects of clearfelling only 
(excluding reading etc.) on stream sedimentation could not be 
assessed. A detailed study of this, possibly at the plot scale (as 
done by the Forestry Commission on much flatter sites in the 
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OTENDIX I: TRIBUTARY DISCHARGE ESTLMATIOI BY SALT DILUTION GAUGING
This simplified method of gauging the dischEirge of small 
streams utilises the principle that when a mass M (g) of salt is 
added to a stream of unknowm discharge Q (m’ s-i), it will become 
fully mixed in the flow and at a point downstream its concentration 
C (g m-’) starts to rise, peaks, then returns to its natural 
background level Cb. Mass balance requires that
M = Q(C-Cb) dt = Q(C-Ct))t (1)
where C is mean concentration over duration t of salt wave.
Concentration is monitored via electrical conductivity E(mS m-') of 
stream, which is related to C and water temperature T (“O  by
E = k(0.5 + 0.02T)C (2 )
where k is a constant for the particular combination of salt and 
conductivity meter used (k = 0.214 for pure salt and accurate 
meter). From (1) to (2), Z
Q = M k(0.5 + 0.02T)/(E-Eb)t
where Eb is background conductivity and E is average over salt
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